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ABSTRACT
The s u b s t i t u t i o n  o f  t e t r a e t h y l t i n  by  m e r c u r i c  s a l t s  (HgX^i X = C l ,  
I ,  OAc) i n  s o l v e n t  a c e t o n i t r i l e  a t  25°C  and  i n  some c a s e s  (X = C l ,  I )  
a t  bo  an d  6o°C h a s  b e e n  s t u d i e d .  The s t o i c h i o m e t r y  o f  r e a c t i o n  i s  
r e p r e s e n t e d  by
E t^ S n  + HgX2 ------- > Et^SnX + EtHgX
I n  t h e  c a s e  o f  m e r c u r i c  i o d i d e  r e a c t i o n  i s  f o l l o w e d  by  a  r a p i d  
r e v e r s i b l e  r e a c t i o n  o f  t h e  fo rm
E t^ S n l  + H gl2 E t^ S n ^ +  ^ + H g l j ^
The r e a c t i o n s  have  b e e n  shown to  f o l l o w  s e c o n d  o r d e r  k i n e t i c s ,  f i r s t  
o r d e r  i n  e a c h  r e a c t a n t ,  and  some k i n e t i c  s a l t  e f f e c t  s t u d i e s  and  
p o l a r  c o - s o l v e n t  s t u d i e s  s u g g e s t  t h a t  r e a c t i o n  p r o c e e d s  by m echan ism  
SE2 ( o p e n ) .
The r e a c t i o n  s e q u e n c e  f o u n d ,
Hg(0Ac) 2 > HSI 2 > HgClg > (H gl = -0 )
i s  d i f f e r e n t  f rom  t h a t  u s e d  by p r e v i o u s  w o rk e r s  a s  e v i d e n c e  f o r  
m echanism  S ^ C o p e n ) ,  and  i t  i s  c o n c lu d e d  t h a t  t h e  p r e d i c t i o n  o f
ili
m echanism  from  r e a c t i v i t y  s e q u e n c e s  i s  u n r e l i a b l e .
The s u b s t i t u t i o n  o f  t e t r a a l k y l t i n s  (R^Sn: K s  Me, E t ,  P r 11, Bu11,
P r 1 , Bu1 ) by  m e r c u r i c  c h l o r i d e  i n  s o l v e n t  a c e t o n i t r i l e  a t  25°C  and
i n  some c a s e s  (R — Me, E t ,  Bu1 ) a t  6o°C have  b e e n  s t u d i e d #  From 
q u a l i t a t i v e  and  q u a n t i t a t i v e  p r o d u c t  a n a l y s e s  t h e  s t o i c i o h m e t r y  o f  
t h e  r e a c t i o n s  h a s  b e e n  shown t o  be
R^Sn + HgCl2 —---- > R SnCl + RHgCl.
The r e a c t i o n s  h av e  b e e n  shown t o  f o l l o w  s e c o n d  o r d e r  k i n e t i c s ,  f i r s t  
o r d e r  i n  e a c h  r e a c t a n t #  The o r d e r  o f  r e a c t i v i t y  was fo u n d  to  be
Me »  E t  > Y rn ~  Bu11 > Bu1 »  P r 1 ,
q u a l i t a t i v e l y  and  q u a n t i t a t i v e l y  v e r y  s i m i l a r  to  t h e  s e q u e n c e s  fo u n d  
i n  p r e v i o u s  w ork f o r  t h e  s u b s t i t u t i o n  o f  t e t r a a l k y l t i n s  i n  s o l v e n t  
96% aq u e o u s  m e th a n o l  by m e r c u r i c  i o d i d e  and  m e r c u r i c  c h l o r i d e #  T h ese  
l a t t e r  r e a c t i o n s  have b e e n  shown t o  p r o c e e d  by m echan ism  8 - 2^ (o p e n )  
and  by  a n a lo g y  t h i s  m echanism  h a s  b e e n  p r o p o s e d  f o r  t h e  r e a c t i o n s  i n  
s o l v e n t  a c e t o n i t r i l e .  From a  s e m i - q u a n t i t a t i v e  t r e a t m e n t  o f  s t e r i c  
e f f e c t s  t h e  t r a n s i t i o n  s t a t e  g e o m e t r i e s  w ere  d e m o n s t r a t e d  t o  be  
c o n s i s t e n t  w i t h  m echan ism  S g 2 (o p e n )  th r o u g h o u t  t h e  s e r i e s  o f  
s u b s t i t u t i o n  r e a c t i o n s .  When d e t e r m in e d ,  a c t i v a t i o n  p a r a m e t e r s  w ere  
shown to  be n o t  i n c o n s i s t e n t  w i t h  t h i s  m ech an ism . T hese  s u b s t i t u t i o n  
r e a c t i o n s  i n  s o l v e n t  a c e t o n i t r i l e  c o m p lie d  w i t h  t h e  S~,2 r u l e  o f  
Abraham and H i l l .
A m ethod  o f  c a l c u l a t i n g  s t e r i c  e f f e c t s  h a s  b e e n  d e v e lo p e d  and  
h a s  b e e n  a p p l i e d  t o  some b i m o l e c u l a r  e l e c t r o p h i l i c  s u b s t i t u t i o n  
r e a c t i o n s #  I n  two c a s e s  i t  h a s  e n a b l e d  a  c h o i c e  t o  be made b e tw e e n  
t r a n s i t i o n  s t a t e s ,  and  h a s  p r o v id e d  some i n s i g h t  i n t o  f a c t o r s  
c o n t r i b u t i n g  t o  t h e  r a t e s  o f  s t e r i c a l l y  c o n t r o l l e d  r e a c t i o n s #
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12
SECTION 1
THE KINETICS AND MECHANISMS OF CLEAVAGE OF SATURATED CARBON TO METAL
BONDS
1 • O b je c t  and  o u t l i n e  o f  t h i s  s e c t i o n
The o b j e c t  o f  t h i s  s e c t i o n  i s  t o  d e s c r i b e  t h e  m echan ism s  o f  
s u b s t i t u t i o n  t h a t  m ig h t  be  e n c o u n t e r e d  i n  t h i s  w ork  and  t o  s e e  how 
th e y  may be  d i f f e r e n t i a t e d  by  k i n e t i c  m e a s u re m e n t s .  The o c c u r r e n c e  
o f  t h e s e  m echan ism s p a r t i c u l a r l y  i n  t h e  f i e l d  o f  m e t a l  f o r  m e t a l  
e x ch a n g e  r e a c t i o n s  w i l l  be d o cu m en ted ,  and  s o l v e n t  e f f e c t s  w i l l  a l s o  
be  c o n s i d e r e d ,  a s  a  b a s i s  f o r  t h e  d i s c u s s i o n  o f  t h e  e x p e r i m e n t a l  
r e s u l t s  o f  t h i s  w ork .
T h i s  s e c t i o n  c o m p r i s e s ,  t h e r e f o r e ,  s u b s e c t i o n s  on g e n e r a l  t e r m ­
i n o l o g y ,  c l a s s i f i c a t i o n  o f  m e ch an ism s ,  and  some i n v e s t i g a t i o n s  o f  
m e t a l  f o r  m e t a l  s u b s t i t u t i o n  r e a c t i o n s ;  t h e s e  i n v e s t i g a t i o n s  w i l l  
b e  r e s t r i c t e d  t o  t h e  m e t a l s  m e rc u ry  and  t i n ,  and w here  p o s s i b l e  
r e a c t i o n s  i n v o l v i n g  o n ly  s im p le  a3.kyl g ro u p s  w i l l  be  c i t e d .
A c o n s i d e r a t i o n  o f  s o l v e n t  e f f e c t s  w i l l  c o m p le te  t h i s  s e c t i o n ,
2* G e n e ra l  n o m e n c la tu r e
The s o - c a l l  s u b s t i t u t i o n  r e a c t i o n s  e n c o u n t e r e d  i n  o r g a n i c  
c h e m i s t r y  a r e  f r e q u e n t l y  d o u b le  d e c o m p o s i t i o n  r e a c t i o n s  ( 1 ) :
A-B + C-D  A-D + C-B 1 .1
M ien one o f  t h e  r e a c t a n t s  i s  an  o r g a n o m e t a l l i c  m o l e c u l e ,  t h e n  t h i s  
w i l l  be  r e g a r d e d  a s  t h e  s u b s t r a t e  and  t h e  c o m p le m e n ta ry  r e a c t a n t  w i l l
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be r e g a r d e d  a s  t h e  a t t a c k i n g '  e n t i t y .  When b o t h  r e a c t a n t s  a r e  o r g a n o -  
m e t a l l i c  m o l e c u le s  t h e n  t h e  f o r m a l  d i s t i n c t i o n  b e tw e e n  th e  a t t a c k e d  
and  a t t a c k i n g  s p e c i e s  w i l l  be made c l e a r  w i t h i n  t h e  t e x t .
A t t e n t i o n  w i l l  be f o c u s s e d  on t h e  h e t e r o l y t i c  s c i s s i o n  o f  
s a t u r a t e d  c a rb o n  to  m e ta l  b o n d s  i n  w h ich  t h e  c a rb o n  r e t a i n s  t h e  
b o n d in g  e l e c t r o n s ,  t h a t  i s  t h e  e l e c t r o p h i l i c  s u b s t i t u t i o n  o f  a  
s a t u r a t e d  c a rb o n  atom  bonded  t o  a  m e ta l  a to m . The s y m b o l ic  n o t a t i o n  
f o r  e l e c t r o p h i l i c  s u b s t i t u t i o n  r e a c t i o n s  recom mended by Abraham,
G ie l e n  and  N a s i e l s k i  (2 )  w i l l  be u s e d ,
O r g a n o m e t a l l i c  compounds w i l l  so m e t im e s  be  r e p r e s e n t e d  by RMX^, 
w here  R r e p r e s e n t s  t h e  g ro u p  u n d e r g o in g  e l e c t r o p h i l i c  s u b s t i t u t i o n  
( o f t e n  te rm e d  th e  m oving  g ro u p )  and  MXn i s  t h e  l e a v i n g  g ro u p  c o n t a i n i n g  
t h e  m e ta l  M o f  v a l e n c y  (n + 1 ) ,  and o t h e r  g r o u p s ,  X • The a t t a c k i n g  
r e a g e n t  w i l l  so m e tim e s  be  s y m b o l i s e d  by  E-N, w here  E and  N r e p r e s e n t  
t h e  e l e c t r o p h i l i c  and n u c l e o p h i l i c  p o l e s  r e s p e c t i v e l y .
3« The m echan ism s o f  e l e c t r o p h i l i c  c l e a v a g e  o f  t h e  s a t u r a t e d  c a r b o n  
to  m e ta l  bonds  i n c l u d i n g  n o m e n c la tu r e  (2 )
B o th  e l e c t r o p h i l i c  and h o m o ly t i c  m echan ism s o f  c l e a v a g e  o f  t h e  
s a t u r a t e d  c a r b o n  t o  m e t a l  bo n d s  have  b e e n  r e v ie w e d  by  s e v e r a l  
r e s e a r c h e r s  i n t o  th e  s u b j e c t  ( 3 ~7 )* I n  t h i s  s u b s e c t i o n  o n l y  t h e  
f u n d a m e n ta l  and c a t a l y s e d  m echan ism s o f  e l e c t r o p h i l i c  s u b s t i t u t i o n  
w i l l  be c o n s i d e r e d ,
a )  U n im o le c u la r  e l e c t r o p h i l i c  s u b s t i t u t i o n ^
T h is  m echanism  can  be  e x p r e s s e d  a s  f o l l o w s :
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1 . 2  
1 .3
Such  a  m echan ism , o r i g i n a l l y  s u g g e s t e d  by Hughes and  I n g o l d  ( 8 ) ,
was f i r s t  o b s e r v e d  by Cram (9 )  f o r  an  o r g a n i c  s u b s t r a t e  and  by
R e u to v  (1 0 )  and  I n g o l d  ( 1 1 ) f o r  a n  o r g a n o m e ta l l i . c  s u b s t r a t e .
The r e a c t i o n  p r o c e e d s  by  t h e  s lo w  i o n i s a t i o n  o f  t h e  c a r b o n -
m et a l  bond r e s u l t i n g  i n  t h e  f o r m a t i o n  o f  a  c a r b a n i o n  and  a  c a t i o n .
The c a r b a n i o n  r e a c t s  r a p i d l y  w i t h  e i t h e r  t h e  c a t i o n  t o  r e f o r m  t h e
s u b s t r a t e  o r  t h e  e l e c t r o p h i l e  t o  y i e l d  th e  s u b s t i t u t e d  com pound.
F o r  t h e  S-,1 m echanism  o v e r a l l  f i r s t  o r d e r  k i n e t i c s ,  f i r s t  E 1
o r d e r  i n  s u b s t r a t e  and  z e r o  o r d e r  i n  e l e c t r o p h i l e ,  w ou ld  be. e x p e c t e d  
p r o v i d i n g  th e  r e v e r s e  r e a c t i o n  i s  n e g l i g a b l e  com pared  w i t h  t h e  
s u b s t i t u t i o n  r e a c t i o n .  Such  r e a c t i o n s  c o u ld  t a k e  p l a c e  w i t h  
i n v e r s i o n  o f  c o n f i g u r a t i o n ,  r e t e n t i o n  o f  c o n f i g u r a t i o n ,  o r  r a c e m i s -  
a t i o n ,  a c c o r d i n g  t o  t h e  e x p e r i m e n t a l  c o n d i t i o n s  ( 1 2 ) .
S in c e  t h e  m echanism  i n v o l v e s  c h a r g e  s e p a r a t i o n  i t  s h o u l d  be p ro m o te d  
by p o l a r  s o l v e n t s  ( 1 3 ) an d  by t h e  a d d i t i o n  o f  i n e r t  s a l t s  ( l 4 a ) .
N u c l e o p h i l i c  c a t a l y s i s  o f  t h e  S ,^1 m echan ism  r e s u l t i n g  f ro m  t h e  fo rm ­
a t i o n  o f  a  com plex  i n  a  p r e - r a t e - d e t e r m i n i n g  s t e p  may t a k e  p l a c e :
R -M X  + B RMX B 1 .4n n
RMX B — * R ^  + MX B 1 .5n n
w here  3 i s  a  n u c l e o p h i l e  o r  Lew is b a s e .  T h i s  w ould  be te rm e d  
m echan ism  S,.,1 -  B.jh
R-MX R( - )  + MX ^n f a s t  n
R( —) TT f a s t .  ^  ,, „ ( - )
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b )  B im olecu locr  e l e c t r o p h i l i c  s u b s t i t u t i o n ,  S^,2 
The b i m o l e c u l a r  r e a c t i o n  i s  r e p r e s e n t e d  by
R-MX + E-N n R-E + NMXn 1 . 6
Such  r e a c t i o n s  s h o u ld  e x h i b i t  o v e r a l l  s e c o n d  o r d e r  k i n e t i c s  
b e i n g  f i r s t  o r d e r  i n  e a c h  r e a c t a n t  when th e i ie  a r e  p r e s e n t  i n  s i m i l a r  
lo w  c o n c e n t r a t i o n s *
S t e r e o c h e m i c a l  s t u d i e s  have  shown t h a t  t h e  c a rb o n  atom  u n d e r ­
g o in g  a t t a c k  i n v a r i a b l y  r e t a i n s  i t s  o r i g i n a l  c o n f i g u r a t i o n  ( 5 b ) .
The e n t r y  o f  t h e  e l e c t r o p h i l e  and  t h e  d e p a r t u r e  o f  t h e  l e a v i n g  g ro u p  
m u s t  t h e r e f o r e  t a k e  p l a c e  on t h e  same s i d e  o f  t h e  c a r b o n  n to m , A 
v a l u e  o f  8 1 *k° s u g g e s t e d  (1 5 )  f o r  t h e  a n g l e  b e tw e e n  t h e  a x e s  o f  g ro u p  
e n t r y  and  g ro u p  d e p a r t u r e  i s  i n  good a g re e m e n t  w i t h  t h e  v a l u e  f o r  
t h e  e n e r g e t i c a l l y  optimum a n g l e  o f  7 6 .8 °  o b t a i n e d  f ro m  some quan tum  
m e c h a n ic a l  c a l c u l a t i o n s  (1 2 )*
T h re e  m echan ism s have  b e e n  e n v i s a g e d  f o r  t h e  b i m o l e c u l a r  
e l e c t r o p h i l i c  s u b s t i t u t i o n  r e a c t i o n s  and  a r e  g iv e n  b e lo w :
S ^ 2 (o p e n )  ( 8 , 1 6 , 1 7 )
MXn
R .N
/ ' t
r :
n
1 . 7
E L
S ^ 2 ( c y c l i c )  ( 1 6 )
MXn
R" is N r :
.MXn
*N r 5 R-E + NMXn
'E'
1 . 8
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S .„ 2 (c o o rd )  ( 1 8 )Hi
MX «v MX
^ X  n ^ x  n
R N ; = = = =  R ! - N ^   » R-E + NMX 1 .9
X  w X  ^ n
EX
T hese  m echan ism s may be r e g a r d e d  a s  k e y  t y p e s  i n  a  w ho le  
s p e c t r u m  o f  m echan ism s ( 18 ) r a n g i n g  from  t h e  S g 2 ( o p e n ) ,  t h r o u g h  
3^,2 ( c y c l i c )  t o  t h e  S ^ 2 ( c o o r d ) .  T h e re  i s  no r e a s o n  why t h i s  s y s te m  
c a n n o t  be e x t e n d e d  beyond  t h e  3 ^ 2 ( c o o r d )  th r o u g h  a  m echan ism :
.MX ^  MX R-E
X  n \  —X  n v nv
R N R  £ R ( ~^ —-----> + 1 .1 0X x " 'E E  E NMXn
t o  t h e  S X  w i t h  n u c l e o p h i l i c  c a t a l y s i s  ( S X  -  B, p a g e  14 ) an d  bey o n d
. £1 _ ill
t o  m echan ism  &.n1 .iii
A l l  S.„2 m echan ism s can  be  c a t a l y s e d  by  n u c l e o p h i l e s .  Aiii
n u c l e o p h i l e  c o u ld  com plex  w i t h  e i t h e r  t h e  s u b s t r a t e  o r  t h e  e l e c t r o ­
p h i l i c  r e a g e n t  w i t h  d i f f e r e n t  k i n e t i c  c o n s e q u e n c e s .  Thus f o r
Sv 2 (o p e n )  c a t a l y s i s  w ould  p r o b a b ly  p r o c e e d  t h r o u g h  R-MX B w h i l e  Hi n
d e c a t a l y s i s  o r  i n h i b i t i o n  would r e s u l t  f ro m  BE-N. F o r  St-,2 ( c y c l i c ) ,Hj
c a t a l y s i s  c o u ld  r e s u l t  f ro m  e i t h e r  c o m p le x a t io n  s i n c e  t h e  n u c l e o p h i l e  
w ou ld  p r o b a b l y  be  i n c o r p o r a t e d  i n  t h e  c y c l i s a t i o n ,  w h i l e  f o r  
S _ ,2 (coo rd )  i t  i s  p r o b a b l e  t h a t  c a t a l y s i s  w ould  p r o c e e d  t h r o u g h  BE-N.
4-. The m e t a l  f o r  m e ta l  s u b s t i t u t i o n  r e a c t i o n s
a )  M ercu ry  f o r  m e rc u ry  s u b s t i t u t i o n  r e a c t i o n s
i )  s Ei
The m e rc u ry  f o r  m e rc u ry  s u b s t i t u t i o n  o f  a , - c a r b e t h y o x y b e n z y l -  
m e r c u r i c  b ro m id e  by  r a d i o m e r c u r i c  b ro m id e  i n  a n h y d ro u s  d i m e t h y l -  
s u l p h o x i d e  (DMSO) b e tw e e n  th e  t e m p e r a t u r e s  o f  23 an d  6o°C h a s  b e e n  
shown t o  f o l l o w  an  S ^ l  m echan ism  ( 1 0 , 1 1 ) :
P h v BL x Ph
H-~->C.HgBr ^ C ( J )  + HgBr(+ )  1 .11
E t ° 2C ' E t 0 2 C
C.HgBr + B r K } 1 .1 2
*  203 w here  Hg d e n o t e s  t h e  r a d i o - i s o t o p e  o f  m e rc u ry ,  Hg.
By u s i n g  a  v a r i e t y  o f  i n i t i a l  c o n c e n t r a t i o n s  o f  r e a c t a n t s
H ughes, I n g o l d  and  P o b e r t s  (1 1 )  fo u n d  t h a t  t h e  r e a c t i o n  obejred  f i r s t
o r d e r  k i n e t i c s ,  b e i n g  f i r s t  o r d e r  w i t h  r e s p e c t  to  t h e  b ro m o m e r c u r ic -
e s t e r .  and  z e r o - o r d e r  w i t h  r e s p e c t  t o  t h e  r a d i o m e r c u r i c  b ro m id e*
A s t e r e o c h e m i c a l  s t u d y  (1 1 )  w i t h  ( - ) - o - c a r b e t h o x y b e n z y l m e r c u r i e
b ro m id e  showed t h a t  t h e  s u b s t i t u t i o n  r e a c t i o n  i n  BMSO was a c c o m p a n ie d
by  r a c e m i s a t i o n  o f  t h e  e s t e r .  M o re o v e r ,  t h e  f i r s t  o r d e r  r a t e
O r i  mm /1
c o n s t a n t  o f  r a c e m i s a t i o n  a t  3 °  *9 C ( 3 . A- x  10 s e c  ) was v e r y  c l o s e
to  t h a t  o f  t h e  m e rc u ry  f o r  m e rc u ry  e x ch a n g e  u n d e r  t h e  same c o n d i t i o n s  
— —-I( 3*75  x  10 sec. ) ,  and  was u n a l t e r e d  when t h e  m e r c u r i c  b ro m id e  was 
o m i t t e d  a l t o g e t h e r .
H Ph
s '
, ( - ) +. HgBr2- — ■— >
E t02C EtO^C
The b ro m o m e rc u r ic  e s t e r  u n d e rg o e s  r a c i m s a t i o n  a t  room te m p e r ­
a t u r e  i n  a c e t o n i t r i l e  ( 1 1 ) ,  and  a l s o  e x c h a n g e s  m e rc u ry  w i t h  r a d i o ­
m e r c u r i c  b ro m id e  to o  r a p i d l y  t o  alloxtf k i n e t i c  m e a su rm e n ts  a t  25°C 
i n  s o l v e n t  a c e t o n i t r i l e .  T hese  f i n d i n g s  s u g g e s t  ( 11) an  S^1 
m echan ism  f o r  t h e  s u b s t i t u t i o n  r e a c t i o n  i n  a c e t o n i t r i l e ,
m e rc u ry  f o r  m e rc u ry  s u b s t i t u t i o n  o f  a ~ c a r b e t h o x y b e n z y l  c h l o r i d e
a l s o  f o l l o w e d  an  S ^ l  c o u r s e  b u t  t h e  r a t e  c o n s t a n t  a t  5 8 . 9°C 
— —1( 2 ,0 5  x  10 s e c  ) was a p p r o x i m a t e l y  h a l f  t h a t  f o r  t h e  c o r r e s p o n d i n g  
b ro m id e .  T h i s  o r d e r  i s  i n  l i n e  w i t h  t h e  h y p o t h e s i s  o f  a  r a t e  d e t e r ­
m in in g  i o n i s a t i o n  o f  t h e  e s t e r s ,  t h e  more e l e c t r o n e g a t i v e  c h l o r i d e  
o p p o s in g  c l e a v a g e  o f  th e  c a r b o n - m e r c u r y  b o n d .
A s t u d y  o f  t h e  k i n e t i c  s a l t  e f f e c t s  on t h e  r a c e m i s a t i o n  o f  
( - ) - a - c a r b e t h o x y b e n z y l m e r c u r i c  b ro m id e  i n  DMSO (1 1 )  r e v e a l e d  t h a t  t h e  
r a t e  was e i t h e r  r e t a r d e d  o r  a c c e l e r a t e d  d e p e n d in g  upon t h e  s a l t  u s e d .  
B rom ide i o n  was shown to  have  a  c a t a l y t i c  e f f e c t  upon t h e  r e a c t i o n .
A lso  f o l l o w i n g  an  S^1 m echanism  i s  t h e  m e rc u ry  f o r  m e rc u ry  
s u b s t i t u t i o n  o f  p - n i t r o b e n z y l m e r c u r i c  b ro m id e  by r a d i o m e r c u r i c  
b ro m id e  i n  DMSO b e tw e e n  *+0 and 70°C, i n v e s t i g a t e d  by  R e u to v ,
K a ly a v in  and  S m o lin a  ( 1 9 ) ,  C a t a l y s i s  o f  t h e  r e a c t i o n  by  b ro m id e  
i o n  was a l s o  d e m o n s t r a t e d .
i i )  S^2 - E -
The i n v e s t i g a t i o n s  by I n g o l d  ( 3 ) i n t o  t h e  s u b s t i t u t i o n  o f  
a l k y lm e r c u r y  compounds by  e l e c t r o p h i l i c  m e rc u ry  compounds h a s  
p r o v id e d  much i n f o r m a t i o n  on b i m o l e c u l a r  s u b s t i t u t i o n  p r o c e s s e s .
T h re e  i n d e p e n d e n t  r e a c t i o n s  a r e  r e c o g n i s e d  and  t h e s e  h ave  b e e n  
te rm e d  ( 3 ) t h e  o n e - a l k y l ,  t w o - a l k y l  and  t h r e e - a l k y l  e x c h a n g e s ,
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e q u a t i o n s  1 .13»  1«14 and  1 .13»  r e s p e c t i v e l y :
X2 Hg *  + E-HgX = = = >  XHg^R + ^HgX 1 . 1 3
X^Hg -h R-HgR XHg~R +. ‘ HgXR 1 . 1 4
RXHg *  +. R-HgR ; = = £ . .  RHg-R + *  HgXR 1 . 1 3
The o n e - a l k y l  ex ch a n g e  r e a c t i o n s
The r e a c t i o n  [ 1 . 1 6 :  R — Me, P r 11; X -  Br ],
RHgX + HgX2 RHgX + HgX2 1 . 1 6
* 2 0 r' w here  Hg i s  ' 'Hg,
i n  s o l v e n t  e t h a n o l  was i n v e s t i g a t e d  by  N efedov  and  S i n t o v a  ( 2 0 - 2 3 ) ,  
and  r e a c t i o n  [ 1 . 1 6 : R » Me; X = B r ,  I ,  OAc, N0^.a R — BuS ; X — OA.c] 
iijas i n v e s t i g a t e d  by  H ughes , I n g o l d ,  T ho rpe  and  V o lg e r  ( 2 4 ) .  I t  was 
shown t h a t  t h e  r e a c t i o n  wa.s f i r s t  o r d e r  i n  e a c h  r e a c t a n t  ( 2 4 )  and  
s e c o n d  o r d e r  o v e r a l l  ( 2 0 - 2 4 ) ,  and  i t  was s u g g e s t e d  (2 4 )  t h a t  r e a c t i o n  
p r o c e e d e d  by  a  s im p le  b i m o l e c u l a r  s t e p .  A s t e r e o c h e m i c a l  i n v e s t i g a t ­
i o n  u s i n g  ( - ) - s - b u t y l m e r c u r i c  a c e t a t e  d e m o n s t r a t e d  t h a t  r e a c t i o n  w en t 
w i t h  r e t e n t i o n  o f  c o n f i g u r a t i o n .
I n c r e a s i n g  th e  p o l a r i t y  o f  t h e  s o l v e n t  by  t h e  a d d i t i o n  o f  w a te r :  
a c a e l - e r a t e d  t h e  r e a c t i o n  [1 . 1 6 : R = Me; X = Br.. R — BuS ; X — OAc], 
and  by t h e  a d d i t i o n  o f  l i t h i u m  n i t r a t e  a c c e l e r a t e d  t h e  r e a c t i o n  
[ 1 . 1 6 i R —Me; X -  B r ] .  The r a t e  c o n s t a n t  f o r  a  s e r i e s  o f  compounds 
[RHgX: R = Me; X = B r ,  I ,  OAc, NO^] i n c r e a s e d  ixdLth i n c r e a s i n g  e l e c t r o ­
n e g a t i v i t y  o f  t h e  g ro u p  X.
From s t u d i e s  by Hughes and  V o lg e r  (1 5 )  on t h e  r e a c t i o n  [1 . 1 6 :
R — Me, E t ,  P e1160; X = B r ] a t  60°C and  th e  r e a c t i o n  [1 . 1 6 : R =  Me, BuS ;
X = OAc] at 100°C the following series of relative rates was obtained
Me(1 0 0 )  > E t ( 4 2 )  > P en e 0 (3 3 )  > Bus ( 6 ) 1 .1 7
T hese  i r o r k e r s  s u g g e s t e d  t h a t  t h i s  s e r i e s  \ia.s s t e r i c  i n  o r i g i n ,  
r e s u l t i n g  f ro m  n o n -b o n d ed  i n t e r a c t i o n s  b e tw e e n  t h e  a t t a c k e d  a l k y l  
g ro u p  on t h e  one hand  and  t h e  e n t e r i n g  and  l e a v i n g  g ro u p s  on t h e  
o t h e r ,  and  t h e y  p r e s e n t e d  some f i g u r e s  i n  s u p p o r t  o f  t h i s  s u g g e s t i o n  
( s e e  p ag e  7 0 ) .
The o b s e r v a t i o n s  on t h e  o n e - a l k y l  e x ch a n g e  r e a c t i o n s  h av e  l e d  t o  
t h e  c o n c l u s i o n  ( 1 3 ,2 4 )  t h a t  r e a c t i o n  f o l l o w s  an  8 ^ 2 (o p e n )  m ech an ism .
J e n s e n  and  R ic k b o rn  (*25a) have  r e c e n t l y  p o i n t e d  o u t  t h a t  t o  
s a t i s f y  t h e  p r i n c i p l e  o f  m i c r o s c o p i c  r e v e r s i b i l i t y  ( 2 6 ) t h e  m echan ism  
m ust  be r e p r e s e n t e d  a s
Br
2* ( 2 ~
.HgBr .H g. . HgBr ?
•  » •  u
RHgBr +. HgBr - Hi ===£• Hi iB r  £=± Rl
C. * % 9
•  *
•HgBr_ * Hg *
^ !2
Br
RHgBr. + HgBr. ^  1 . 1 8
The r e j e c t i o n  o f  a  c l o s e d  t r a n s i t i o n  s t a t e  by  H ughes, I n g o l d  and  
c o w o rk e rs  i s  b a s e d  on t h e  i n c r e a s e  i n  r a t e  n o t e d  w i t h  i n  c r e a s i n g  
i o n i c  c h a r a c t e r  o f  t h e  s a l t s .  I m p l i c i t  i n  t h i s  h y p o t h e s i s  i s  the. 
a s s u m p t io n  t h a t  t h e r e  i s  an  i n v e r s e  c o r r e s p o n d e n c e  b e tw e e n  i o n i c  
c h a r a c t e r  o f  t h e  m e r c u r y - a n io n  bond and  b r i d g i n g  a b i l i t y .  J e n s e n  
and  R ic k b o r n  a rg u e  t h a t  i t  i s  p e r h a p s  more r e a s o n a b l e  t o  e x p e c t  t h i s
r e l a t i o n s h i p  t o  h o ld  f o r  c l o s e l y  r e l a t e d  g ro u p s  s u c h  a s  s u b s t i t u t e d  
a c e t a t e s ,  b u t  n o t  f o r  c o m p a r is o n  b e tw e e n  h a l i d e s ,  a c e t a t e  an d  
n i t r a t e s .  Thus t h e  c l o s e d  t r a n s i t i o n  s t a t e  n e e d  n o t  be  r e j e c t e d :
-  ^
KHgX + HgX 1 .1 9
A n o th e r  a c c e p t a b l e  025a') m echan ism  i s
HgX2 1*20
B o th  I n g o l d  an d  c o w o r k e r s ,  and  Hughes and  V o lg e r  h av e  o b s e r v e d  
th e  c a t a l y s i s  o f  t h e s e  r e a c t i o n s  by  v a r i o u s  a n i o n s ,  p a r t i c u l a r l y  
b ro m id e  io n s *  Ti^o fo rm s  o f  c a t a l y s i s  h av e  b e e n  r e c o g n i s e d  i n v o l v i n g  
one and  two b ro m id e  i o n s  r e s p e c t i v e l y ,  g i v i n g  r i s e  t o  t h e  n o m e n c la t u r e  
Sg2 -  Br^  ^ and  S^,2 -  2Br.^"^ a c c o r d i n g l y .  C y c l i c  t r a n s i t i o n  s t a t e s  
have  b e e n  in v o k e d  ( 2? )  t o  e x p l a i n  t h e  c a t a l y s i s  a s  shown i n  t h e  
f o l l o w i n g  s ch em e s :
HgX, r fg X  — g— Hi
.HgX
- HgX
X~
+
RHgX
RHgX +. HgX,
• Hg
r: .x
\ x
22
HeHgBr + HgBr. ( - ) ■
Br
|
• Hg.
•  9
Mel * :Br
V.
‘ %
Brr Br
Me HgBr + HgBr^ + Be ( - )
1 . 2 2
Sg2 -  2Br ( - )
tt -n -n ("•■) f a s t , .  TT „  ( - )HgBr0 + Br -------------HgBr_2 ^   ^ 1 .2 3
MeEgBr +, B r ^  MeHgBr0 ( “ ^ 1.2*f
M eK gB r.^*^ + H g B r^ * ^
Br Bry
.H g .
•  •* «
Mel tB r
Br \ s r
•* Me HgBr + HgBr 0 + 2Br ( - )
N ote  t h a t  t h e  above  schem es  c o n s t i t u t e  m echan ism  S.p2 ( c y c l i c . )  f o rIlf
t h e  r e a c t i o n  b e tw e e n  m e th y lm e r c u r i c  b ro m id e  and  m e r c u r i c  b ro m id e  w i t h  
n u c l e o p h i l i c  c a t a l y s i s  by  b ro m id e  i o n s ,  i . e .  S^,2 ( c y c l i c )  -  Br^"*^ and  
Sv 2 ( c y c l i c )  -  2Br^ \  r e s p e c t i v e l y .
J e n s e n  and  R ic k b o rn  (2 5 a  ^ have  s u g g e s t e d  two o t h e r  sch em es  f o r  
t h e  one and  tw o - a n io n  c a t a l y s e d  r e a c t i o n s :
RHgX * HgX.. ^  ;=
3
X
‘ i '.Hg?
r : x
‘HgJ
i 2“
X
RHgX + HgX_( - )  1 .2 5
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The t w o - a l k y l  e x ch a n g e  r e a c t i o n s
The r e a c t i o n  [1 * 2 6 :  R =- BuS ; X =  B r ,  OAc, NO^],
RHgR + HgX2 RHgX + RHgX 1 ,2 6
w here  0 d e n o t e s  l a b e l l i n g  by o p t i c a l  a c t i v i t y ,
i n  s o l v e n t s  e t h a n o l  and  a c e t o n e ,  was i n v e s t i g a t e d  by  Charm an, Hughes 
and  I n g o l d  ( 2 8 ) and  was shown to  f o l l o w  o v e r a l l  s e c o n d  o r d e r  k i n e t i c s ,  
f i r s t  o r d e r  i n  e a c h  r e a c t a n t .  R e a c t i o n  i n  e t h a n o l  p r o c e e d e d  w i th  
c o m p le te  r e t e n t i o n  o f  c o n f i g u r a t i o n .
The a b s o l u t e  r a t e s  i n c r e a s e d  s t r o n g l y  w i th  i n c r e a s i n g  i o n i c i t y  
o f  t h e  m e r c u r i c  s a l t ,  s u c h  t h a t
s u g g e s t i n g  (2 8 )  m echanism  S g 2 ( o p e n ) .  The a d d i t i o n  o f  l i t h i u m  b ro m id e  
s t r o n g l y  d e c r e a s e d  th e  r a t e  o f  s u b s t i t u t i o n  by m e r c u r i c  b ro m id e  ow ing
by m echan ism  ST_,2(open) s i n c e  t h i s  s p e c i e s  w ould  be e x p e c t e d  t o  r e a c txii
r a p i d l y  by  m echan ism  S ^ , 2 ( c y c l i c ) . The o b s e r v e d  phenom enon may be 
c o n s i d e r e d  an  exam ple  o f  th e  !,d e c a t a l y s i s lf by n u c l e o p h i l e s  m e n t io n e d  
on p age  1 6 .
S eco n d  o r d e r  r a t e  c o n s t a n t s  d e t e r m in e d  by  D essy  and  L ee  (29 )  
f o r  r e a c t i o n  [ 1 .2 6 :  R ~ E t ,  P r n , P r 1 ; X =- I  ] a t  35°C in. s o l v e n t  
d io x a n ,  and  by R ausch  and  Van M azer (3 0 )  f o r  r e a c t i o n  [1 . 2 6 : R = Me; 
X =- I  ] a t  36°C a r e  i n  t h e  o r d e r  [1 .2 8  ] o f  a  p a r t i a l l y  p o l a r  s e q u e n c e  
o f  r e a c t i v i t i e s .  M echanism S ^ ,2 ( c y c l i c )  h a s  b e e n  p r o p o s e d  (2 9 )  f o r
HgBr2 < H g(0A c)2 < Hg(NO ) 2 1 .2 7
t o  t h e  f o r m a t i o n  o f  t h e  s p e c i e s  L iH gB r^ .  The d e c r e a s e d  r a t e  o f
s u b s t i t u t i o n  by LiHgBr_ was c o n s i d e r e d  t o  be t h e  r e s u l t  o f  r e a c t i o n
3
this reaction*
Me < S t  < P r 11 > P r 1 1 .2 8
The t h r e e - a l k y l  ex ch a n g e  r e a c t i o n s
The r e a c t i o n  [ 1 .2 9 :  R ~  BuS ; X — B r ] ,
° *  ° *
RHgX + R Hg = = = ^  RHgR +■ RHgX 1 ,2 9
w here  0 d e n o t e s  l a b e l l i n g  by  o p t i c a l  a c t i v i t y ,  and  * d e n o t e s  l a b e l l i n g  
by r a d i o a c t i v i t y ,
i n  s o l v e n t  e t h a n o l  a t  33°  0 was i n v e s t i g a t e d  by I n g o l d  and  c o w o rk e r s  
( 3 1 )  and  \*as shown to  f o l l o w  o v e r a l l  s e c o n d  o r d e r  k i n e t i c s ,  f i r s t  
o r d e r  i n  e a c h  r e a c t a n t .  R e a c t i o n  p r o c e e d e d  w i t h  c o m p le te  r e t e n t i o n  
o f  c o n f i g u r a t i o n .
The a b s o l u t e  r a t e s  i n c r e a s e d  s t r o n g l y  w i t h  i n c r e a s i n g  i o n i c i t y  
o f  t h e  a l k y l m e r c u r i e  s a l t ,  s u c h  t h a t
Bus HgBr. < BuSHgOAc < BuSHgNO^ 1 .3 0
s i g n i f y i n g  an  S ^ 2 (o p e n )  m echan ism . The r e a c t i o n  [ 1 . 2 9 :  R =- BuS ;
X = Br] was a c c e l e r a t e d  by ad d ed  l i t h i u m  s a l t s ,  t h e  o r d e r  [1 . 3 1 3 of. 
t h e  a c c e l e r a t i n g  e f f e c t s  s u p p o r t i n g  f u r t h e r  t h e  p o s t u l a t e  ( 3 1 ) o f  an  
St-,2 (o p e n )  m echan ism ,
LiOAc < LiN07 < L iB r  < L iC lO ^ 1.3*1
Brom ide i o n s  d i d  n o t  c a t a l y s e  t h e  r e a c t i o n  n o r  d id  t h e y  show
an y  d e c a t a l y s i s  a l t h o u g h  t h e  f o r m a t i o n  o f  some com plex  a n i o n ,
RHgBr^/ \  w h ich  w ould  r e a c t  more s lo w ly  [b y  m echan ism  S ^ 2 ( o p e n ) ]d. Jij
t h a n  REgBr was s u g g e s t e d .
b )  M ercu ry  f o r  t i n  s u b s t i t u t i o n  r e a c t i o n s
T h e re  have  b e e n  r e p o r t e d  two e x t e n s i v e  s t u d i e s  on m e rc u ry  f o r  
t i n  s u b s t i t u t i o n  r e a c t i o n s ;  t h a t  o f  S p a l d i n g  (3 2 )  i n  w h ic h  t h e  
m echan ism  o f  c l e a v a g e  o f  s im p le  a l k y l  g ro u p s  from  t i n  by m e r c u r i c  
i o d i d e  i n  s o l v e n t  9 m e th a n o l - 4 #  w a te r*  was i n v e s t i g a t e d ,  an d  t h a t  
o f  J o h n s t o n  (3 3 )  iu. w h ic h  t h e  s u b s t i t u t i o n  o f  t h e  same s u b s t r a t e s  by 
m e r c u r i c  c h l o r i d e  i n  v a r i o u s  m e th a n o l - w a t e r  m i x t u r e s  was s t u d i e d .
S p a l d i n g  (3 2 )  showed t h a t  t h e  s u b s t i t u t i o n  o f  t e t r a a l k y l t i n s  by  
m e r c u r i c  i o d i d e  i n  96#  aq  m e th a n o l  p r o c e e d e d  by  t h e  r a t e - d e t e r m i n i n g  
b i m o l e c u l a r  r e a c t i o n  1 . 3 2 .  I n  a  s u b s e q u e n t  r a p i d  r e v e r s i b l e  r e a c t i o n ,  
1 . 3 3 ,  t r i a l k y l t i n  i o d i d e  r e a c t e d  w i t h  m e r c u r i c  i o d i d e  i n  a  1 :1  r a t i o :
R_SnRf + H g l0 — 2—^ R -S n l.  + R* Hgl 1 .3 2
3 ^ 3
S j S n l  +. H g l2 R S J + Hgl 1 .3 3
The c o m b in a t io n  o f  r e a c t i o n s  1*32 and  1*33 p r o v i d e d  a  n o v e l  s i t u a t i o n
i n  r e a c t i o n  k i n e t i c s .  The r a t e  e q u a t i o n  f o r  t h e  f o r m a t i o n  o f  R ’Hgl
was i n t e g r a t e d  b o t h  d i r e c t l y  and  by  a  n u m e r i c a l  m ethod  (32 ,34-)  •
V a lu e s  o f  t h e  e q u i l i b r i u m  c o n s t a n t  w ere  r e q u i r e d  b e f o r e  t h e  s e c o n d
o r d e r  r a t e  c o n s t a n t  c o u ld  be  c a l c u l a t e d  f o r  t h e  s y s te m s  u n d e r  s t u d y .
The e q u i l i b r i u m  c o n s t a n t s  (K) w ere  m e a su re d  f o r  R — Me, E t ,  P r 11, 
n i  iBu , P r  , Bu and  a l t h o u g h  th e y  v a r i e d  somewhat w i t h  c o n c e n t r a t i o n
* The te rm  ”x#  aq  m e th a n o l ’5 w i l l  be  u s e d  t o  d e s c r i b e  t h e  s o l v e n t  
m i x t u r e  x# m e th a n o l ,  ( 1 0 0 - x ) #  w a t e r  ( v o l / v o l  b e f o r e  m i x i n g ) .
t h e  com puted  v a l u e s  o f  k^  w ere  i n s e n s i t i v e  to  t h e s e  v a r i a t i o n s .
The s e c o n d  o r d e r  r a t e  c o n s t a n t s  w ere  c a l c u l a t e d  f o r  r e a c t i o n  
[ 1 . 3 2 : 'R =  R* = Me, E t ,  P r n , Bu11, Bu1 ; R =  Bu11, R* - M e ]  a t  25 and  
40°C , and  f o r  r e a c t i o n  [1«32: R = -R 1 — P r 1 ] a t  40QC, and  t h e  r e s u l t s  
(35>36) a r e  g i v e n  i n  T a b le  1 . 1 .
T a b le  1 .1
-1  —1S econd  o r d e r  r a t e  c o n s t a n t s  i n  1 mole m in f o r  t h e  r e a c t i o n  b e tw e e n
t e t r a a l k y l t i n s and m e r c u r i c i o d i d e i n  s o l v e n t  9&% slq m e th a n o l
R ^Sn: R — Me E t P r 11 Bu11 Bu1  P r 1 BuSsnMe3
k 2 a t  40°C 9 4 .1 0 .7 6 7 0 .1 2 3 0 .1 3 1 0 .0 1 0 1 1 . 2x l0~ ^ * 33*7
r e l a t i v e  r&telOO 0 .8 1 0 .1 3 0 . 1 4 0 .0 1 1 1 • 3x 10 " ^ 36
k 2 a t  25° C 4 2 .6 O.2 8 5 0 .0 4 3 2 0 .0 4 5 5 0 .0 0 3 0 2 - 1 2 .8
r e l a t i v e  ra te lO O 0 .6 7 0 0 .1 0 1 0 .1 0 7 0 .0 0 7 0 5 - 30
I t  can  be  s e e n  f rom  T a b le  1 .1  t h a t  t h e  r e l a t i v e  r a t e s  f o r  t h e  
s y m m e t r i c a l  t e t r a a l k y l t i n s  f o l l o w  t h e  s t e r i c  s e q u e n c e  1 .3 4 :
Me »  E t  > P r n ~  Bu11 > Bu1 »  Pr.1  1*34
By c o m p a r in g  t h e  r a t e s  o f  c l e a v a g e  o f  a  m e th y l  g ro u p  f rom  Me^Sn and  
Bu^SnMe an d  o f  a  Bu11 g ro u p  from  Bu^Sn ( s e e  T a b le  1 . 2 ) ,  Abraham and  
S p a l d i n g  ( 3 6 ) made some i n t e r e s t i n g  s u g g e s t i o n s  a s  t o  t h e  " o r i g i n ” o f  
t h i s  s t e r i c  e f f e c t :  They r e a s o n e d  t h a t  i f  t h e  n o n - b o n d in g  i n t e r a c t i o n s
i n  t h e  t r a n s i t i o n  s t a t e  ( s e e  p age  2 8 ) d e t e r m in e d  t h e  r a t e  s e q u e n c e  
t h e n  t h e  f o l l o w i n g  i n t e r a c t i o n s  c o u ld  be  c o n s i d e r e d ,
a )  I n t e r a c t i o n s  b e tw e e n  th e  a l k y l  g ro u p  u n d e r g o in g  s u b s t i t u t i o n  an d  
t h e  in c o m in g  e l e c t r o p h i l e ,  HgigS
b )  I n t e r a c t i o n s  b e tw e e n  t h e  a l k y l  g ro u p  u n d e r g o in g  s u b s t i t u t i o n  and 
t h e  l e a v i n g  s e t  o f  a tom s SnC^ [ t h i s  l e a v i n g  s e t  o f  a tom s r e m a in s  
c o n s t a n t  no m a t t e r  w hat a l k y l  g ro u p s  make up t h e  t o t a l  l e a v i n g  
g ro u p  (SnjR^)] \
c )  I n t e r a c t i o n s  b e tw e e n  t h e  a l k y l  g ro u p  u n d e r g o in g  s u b s t i t u t i o n  and  
t h e  (3 o r  y  c a r b o n  and h y d ro g e n  a tom s i n  t h e  l e a v i n g  g ro u p ;
d) I n t e r a c t i o n s  b e tw e e n  th e  in c o m in g  e l e c t r o p h i l e ,  H g l^ ,  an d  t h e
(3 o r  y  c a r b o n  and  h y d ro g e n  a tom s i n  t h e  l e a v i n g  g ro u p  ( t h e  i n t e r ­
a c t i o n  'b e tw e e n  t h e  g ro u p s H g I2 and SnC^ i s  c o n s t a n t  and  can  t h u s  
be  i g n o r e d ) .
G r a n t i n g  t h a t  i n t e r a c t i o n s  i n v o l v i n g  i n i t i a l  s t a t e  c o n t r i b u t i o n s  
and  i n v o l v i n g  s o l v e n t  m o le c u le s  m ig h t  a l s o  have t o  be t a k e n  i n t o  
a c c o u n t  t h e y  c o n s i d e r e d  t h e  r e l a t i v e  im p o r ta n c e  o f  i n t e r a c t i o n s  a )  t o  
d )  i n  d e t e r m i n i n g  t h e  r a t e  s e q u e n c e  i n  t h e  f o l l o w i n g  way: I n  T a b le
1 .2  i t  i s  s e e n  t h a t  t h e  r e l a t i v e  r a t e  o f  c l e a v a g e  o f  t h e  M e-Sn bond  
i s  n o t  s i g n i f i c a n t l y  a l t e r e d  by a  l a r g e  v a r i a t i o n  i n  t h e  s i z e  o f  t h e  
l e a v i n g  g r o u p .  H owever, when t h e  l e a v i n g  g ro u p  i s  t h e  same (Bu^Sn) 
i t  i s  s e e n  t h a t  t h e  Me-Sn bond  c l e a v e s  much more e a s i l y  t h a n  th e  
Bun -S n  b o n d .  Hence i n t e r a c t i o n s  c )  and  d )  a b o v e ,  w ou ld  seem  t o  be 
o f  l i t t l e  c o n s e q u e n c e ,  and  i n t e r a c t i o n s  a )  and  b )  m u s t  be  domina.nt 
o n e s .  I n t e r a c t i o n s  b e tw e e n  t h e  a l k y l  g ro u p s  u n d e r g o in g  s u b s t i t u t i o n  
and t h e  m e rc u ry  and  t i n  a tom s i n  t h e  t r a n s i t i o n  s t a t e  w ere  deemed t o  
be s m a l l  on t h e  b a s i s  o f  o b s e r v a t i o n s  by Hughes and  V o lg e r  (1 5 )  > &nd 
t h e  i n t e r a c t i o n  b e tw e e n  t h e  s a i d  a l k y l  g ro u u  a.nd t h e  C? a to m s  o f  t h e  
l e a v i n g  g ro u p  m ust  t h e r e f o r e  a c c o u n t  f o r  a  l a r g e  p a r t  o f  t h e  o b s e r v e d  
s t e r i c  r e t a r d a t i o n .
The s t e r i c  s e q u e n c e  o f  r e a c t i v i t i e s  was i n t e r p r e t e d ,  a s  i n d i c a t i v e  
o f  an  S g 2 (o p e n )  m echanism  and  a  t r a n s i t i o n  s t a t e  o f  t h e  fo rm  I  was 
p o s t u l a t e d .
Table 1.2
R e l a t i v e  r a t e s  o f  c l e a v a g e  o f  a l k y l  g ro u p s  from  t e t r a a l k y l t i n s  
by  m e r c u r i c  i o d i d e  i n  s o l v e n t  96% aq m e th a n o l
T e t r a a l k y l t i n bond  b r o k e n l e a v i n g  g ro u p k 2 5 ° cr e l
.4 0 ° C  
* r e l
Me^Sn Me-Sn SnMe_.
3
100 100
MeSnBu!?
3
Me-Sn SnBu?
3 120a 1^f2a
MeSnBu^
3
Me-Sn SnBu3^
b
30 36b
-> n„ Bu^Sn Bun -S n SnBu?3
0 .1 1 0 .1 4
a  A s t a t i s t i c a l  f a c t o r  o f  % h a s  b e e n  a p p l i e d  to  
f o r  t h e  s u b s t i t u t i o n  o f  t e t r a m e t h y l -  and  t e t r a  
b No s t a t i s t i c a l  f a c t o r  h a s  b e e n  a p p l i e d .
t h e  r a t e  c o n s t a n t s  
- n - b u t y l - t i n .
The r a t e  o f  r e a c t i o n  [ 1 .3 2 :  R =: R* = - E t ,  P r 11, Bu11] was a c c e l e r ­
a t e d  by  t h e  a d d i t i o n  o f  l i t h i u m  p e r c h l o r a t e  a s  w ould  be  e x p e c t e d  f o r  
and  * o p en f t r a n s i t i o n  s t a t e .  The e f f e c t  o f  ad d e d  s a l t  on t h e  r a t e  
was d i s c u s s e d  ( 3 2 , 3 7 *3 8 ) i n  te rm s  o f  e q u a t i o n  1*33 ( 3 9 , ^ 0 ) :
. R .Sn  Hglk  Y #Y 2
-  = ---------- 2 ----------  1 . 3 5
k  yo 1
w here  k  and  k  a r e  t h e  s e c o n d  o r d e r  r a t e  c o n s t a n t s  i n  t h e  p r e s e n c e  o
and i n  t h e  a b s e n c e ,  o f  s a l t  (L iC lO ^ ) ,  r e s p e c t i v e l y ,  y^ r e p r e s e n t s  t h e
A
m o la r  a c t i v i t y  c o e f f i c i e n t  o f  compound A, a n d  y q =-1 i n  t h e  a b s e n c e  
o f  ad d ed  s a l t .
V a lu e s  o f  k / k Q d e t e r m in e d  a t  40°C a r e  g iv e n  i n  T a b le  1 . 3  (3 7 )  •
T a b le  1 .3
K i n e t i c  s a l t  e f f e c t s  and  m o la r  a c t i v i t y  c o e f f i c i e n t s  i n  r e a c t i o n  1 .3 2
a t  40°C i n s o l v e n t  96% aq m e th a n o l
M-LiC10^ k / k  '  0
R, Sn Y k YHgI2 Y
( a )  R s  E t
0 1 1 1 1
0 . 0 1 6 1 .0 2 1 .0 1 5 1 .0 1 5 1 .0 1
0 .0 5 9 1 .11 1 . 0 6 1 . 0 6 1 .0 1
0 .0 8 1 1 .1 3 1 . 0 8 1 . 0 8 1 . 0 3
0 .1 0 7 1 . 1 8 1 .1 0 1 .1 0 1 .0 3
0 .1 6 1 1 .3 1 1 . 1 6 1 . 1 6 1 .0 3
0 . 2 6 2 1 .4 7 1 .2 7 1 .2 7 1 .1 0
0 .3 9 2 1 .5 9 1 .4 3 1 . kk 1 .2 9
0 .3 0 3 1 . 8 0 1 .5 8 1 .5 9 1 .4 0
0 . 6 7 0 2 .0 4 1 .8 4 1 .8 6 1 .6 8
( b )  R = P r 11
0 1 1 1 1
0 .0 9 6 1 .21 1 .1 1 1 .0 9 1 .0 0
0 .1 2 7 1 .2 9 1 .1 5 1 .1 2 1 .0 0
0 .1 9 0 1 .41 1 .2 3 1 .1 9 1 .0 4
0 .2 5 2 1 .61 1 .3 1 1 . 2 6 1 .0 2
0 .2 7 4 1 .71 1 .3 5 1 . 2 8 1 .0 1
(c )* R  = Bu11
0 1 1 1 1
0 . 0 4 9 1 .1 0 1 . 0 6 1 .0 5 1 .0 1
0 .1 0 2 1 .2 3 1 .1 2 1 .1 0 1 .0 0
0 . 1 2 8 1 .3 4 1 . 1 6 1 .1 2 0 .9 7
0 . 1 6 8 1 .5 3 1 .21 1 .1 7 0 .9 3
* V a lu es  o f  k / k Q, and  o f  Y^» g iv e n  i n  s e c t i o n  ( c )  a r e  
d i f f e r e n t  f rom  t h o s e  q u o te d  i n  r e f  37*
s l i g h t l y
R ep ro d u ce d  w i t h  p e r m i s s i o n  o f  t h e  E d i t o r ,  f rom  J .C h e m .S o c . , ( A H 1 9 6 9 ) 
7 8 4 .
A l l  o f  t h e  r e a c t a n t s  (E t^ S n ,  Pr.j^Sn, Bujjsn and  H gl^ )  w ere  s a l t e d  
o u t  by  l i t h i u m  p e r c h l o r a t e ,  and  S e t c h e n o w 's  e q u a t i o n  (A-1) ( e q u a t i o n  
1 . 3 6 ) was f o l l o w e d :
l o g  (S / S )  = a [L iC 1 0 ^ ] 1 .3 6
w here  S and  S a r e  t h e  m o la r  s o l u b i l i t i e s  o f  t h e  r e a c t a n t  i n  t h e  o
p r e s e n c e ,  and  i n  t h e  a b s e n c e ,  o f  l i t h i u m  p e r c h l o r a t e ,  and  a i s  t h e  
s a l t i n g  o u t  p a r a m e te r *
The a c t i v i t y  c o e f f i c i e n t  o f  e a c h  r e a c t a n t  a t  e a c h  s a l t  c o n c e n ­
t r a t i o n  was o b t a i n e d  (*H) by  u s e  o f  t h e  e a u a t i o n  y  = & /& on0
g ro u n d s  t h a t  t h e  r e a c t a n t s  a r e  o n ly  s l i g h t l y  s o l u b l e  i n  9 &cj.
m e th a n o l .  The a c t i v i t y  c o e f f i c i e n t  o f  t h e  t r a n s i t i o n  s t a t e  was
c a l c u l a t e d  f rom  e q u a t i o n  1*35  u s i n g  t h e  o b s e r v e d  v a . lu e s  o f  k / k Q an d
t h e  c a l c u l a t e d  a c t i v i t y  c o e f f i c i e n t s  o f  t h e  r e a c t a n t s  (T a b le  1*3)«
I t  c a n  be  s e e n  from  T a b le  1*3 t h a t  t h e  l a r g e  p o s i t i v e  k i n e t i c
s a l t  e f f e c t  i s  due s o l e l y  t o  t h e  e f f e c t  o f  s a l t  on t h e  r e a c t a n t s #
Up t o  a b o u t  0*2 M L iC lO ^ t h e  t r a n s i t i o n  s t a t e  i s  e s s e n t i a l l y
u n a f f e c t e d ,  w h i l e  above  t h i s  c o n c e n t r a t i o n  t h e  E t^ S n /H g l^  t r a n s i t i o n
s t a t e  i s  a c t u a l l y  d e s t a b i l i s e d  by  L iC lO ^ ,  t h e  P r j j s n / H g ^  t r a n s i t i o n
s t a t e  i s  u n a f f e c t e d  by  added  s a l t  and  t h e  B u^Sn /H g l^  t r a n s i t i o n
s t a t e  i s  s l i g h t l y  s t a b i l i s e d  by  added  L iC lO ^; i n  a l l  c a s e s  t h e
t r a n s i t i o n  s t a t e s  a r e  s t i l l  b e i n g  s a l t e d  i n  r e l a t i v e  to  t h e  r e a c t a n t s *
The s a l t  e f f e c t  011 t h e  t r a n s i t i o n  s t a t e  d id  n o t  f o l l o w  S e tc h e n o w ’s
e q u a t i o n  and h en ce  i t  was n o t  b e h a v in g  l i k e  a  n o n - e l e c t r o l y t e  ( s u c h  
n ua s  E t^ S n ,  Pr.^Sn, Bu^Sn, H g l^ )*  I t  was shown t h a t  t h e  b e h a v i o u r  o f  
t h e  t r a n s i t i o n  s t a t e  was i n t e r m e d i a t e  b e tw e e n  t h a t  o f  a  n o n ­
e l e c t r o l y t e  and t h a t  e x p e c t e d  f o r  an  e l e c t r o l y t e #
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The c o n c l u s i o n  was r e a c h e d  ( 3 2 ,3 7 , 3 8 )  t h a t  t h e  t r a n s i t i o n  s t a t e  
i n  r e a c t i o n  1 . 3 2  m us t  be p o l a r ,  w i t h  some s e p a r a t i o n  o f  c h a r g e ,  and 
t h a t  r e a c t i o n  1 .3 2  p r o c e e d e d  by m echan ism  S ^ 2 ( o p e n ) .
E n t r o p i e s  o f  a c t i v a t i o n  f o r  r e a c t i o n  1 .3 2  w ere  c a l c u l a t e d  (3 2 )  
and  a r e  g i v e n  t o g e t h e r  w i t h  o t h e r  a c t i v a t i o n  p a r a m e t e r s  i n  T a b le  1 . 4 .  
T h e i r  v a l u e s  f a l l  i n t o  t h e  c a t e g o r y  o f  h ig h  n e g a t i v e  v a l u e s  ( - 2 0  t o
mm'] mm*]
- 3 0  c a l  deg~ m ole ) w h ic h ,  i t  h a s  b e e n  s u g g e s t e d  ( 4 2 ,4 3 ) »  a r e  
i n d i c a t i v e  o f  a  c y c l i c  r a t h e r  t h a n  an  open  t r a n s i t i o n  s t a t e .  W hile  
S p a l d i n g  a c c e p t s  t h a t  s u c h  v a l u e s  m ig h t  be e x p e c t e d  f o r  c y c l i c  t r a n s ­
i t i o n  s t a t e s  he s u g g e s t s  t h a t  t h e y  m ig h t  a l s o  r e s u l t  f ro m  r e a c t i o n  
w i th  t r a n s i t i o n  s t a t e s  m ore p o l a r  t h a n  t h e  i n i t i a l  s t a t e s .  He c i t e s ,
a s  ex a m p le s  o f  t h i s ,  a c t i v a t i o n  e n t r o p i e s  b e tw e e n  -3 0  and  - 4 0  c a l  
-1  -1deg  m ole f o r  r e a c t i o n s  o f  t h e  M e n s h u tk in  t y p e  w h ic h  a r e  b i m o l e c u l a r  
r e a c t i o n s  b e tw e e n  th e  s p e c i e s  R*I and  R-^N, and  w h ich  can  o n ly  p r o c e e d  
v i a  an  open  t r a n s i t i o n  s t a t e  w h ich  i s  more p o l a r  t h a n  t h e  i n i t i a l  
s t a t e s .  On t h i s  b a s i s  he c l a im s  t h a t  t h e  a c t i v a t i o n  e n t r o p i e s  shown 
i n  T a b le  1 .4  a r e  n o t  i n c o n s i s t e n t  w i t h  t h e  p r o p o s e d  S-^2(open) 
m echan ism .
T a b le  1 .4
A c t i v a t i o n  p a r a m e te r s *  f o r  r e a c t i o n  1 .3 2  i n  s o l v e n t  96% aq m e th a n o l
R Me E t •t-v n P r r, n Bu Bu1 P r 1 MeSnBuJ3
A
dSo 1 7 .7 0 0 2 0 . 6 0 0 2 1 .7 5 0 2 1 . 7 0 0 2 3 . 3 0 0 2 7 .5 0 0 1 8 .4 0 0
AB?OR 9 . 2 0 0 1 1 . 6 5 0 1 2 .3 3 0 1 2 .5 0 0 1 4 .3 5 0 1 8 . 5 5 0 1 1 .4 0 0
- T iS 298 8 , 5 0 0 8 .9 5 0 9 .4 0 0 9 . 2 0 0 8 .9 5 0 8 .9 5 0 7 , 0 0 0
AS298 - 2 8 , 4 - 3 0 .1 - 3 1 . 5  - 3 0 .9  ■-30 ,1 - 3 0 .1 ■23.4
* ac^ , & p r-v *-> p. 1■TA3 i n k c a l  mole " 1 , AS^ i n  c a l deg  ^rnole -1 •
J o h n s t o n  (3 3 )  showed t h a t  t h e  s u b s t i t u t i o n  o f  t e t r a a l k y l t i n s  by  
m e r c u r i c  c h l o r i d e  i n  m e th a n o l ,  96% and  85% aq m e th a n o l  p r o c e e d e d  by  
t h e  r a t e - d e t e r m i n i n g  b i m o l e c u l a r  r e a c t i o n  1*37* I n  s o l v e n t  89% aq
R^Sn -h HgCl2 - 2 - *  R^SnCl + RHgCl 1 ,3 7
m e th a n o l  i t  was th o u g h t  t h a t  a  r a p i d  r e v e r s i b l e  r e a c t i o n  [1*3^: R — 
Me] v/as o c c u r r i n g  b u t  t h i s  i s  now c o n s i d e r e d  t o  n o t  be  t h e  c a se *  The 
s y s te m  v/as t h u s  a p p r e c i a b l y  e a s i e r  t o  s t u d y  t h a n  t h a t  o f  S p a l d i n g  ( 3 2 ) •
Me-SnCl + Hg01o ; = = = *  M e ,S n ( + ) + H g C l - / ^  1 . 3 83 2 3  3
The s e c o n d  o r d e r  r a t e  c o n s t a n t s  w ere  c a l c u l a t e d  f o r  r e a c t i o n  
[1*37: R = Me, E t ,  P r 11, Bu11, P r 1 ', Bu1 ] a t  25 and  kO°C and  th e  r e s u l t s  
a r e  g iv e n  i n  T a b le  1*5*
I t  c an  be  s e e n  from  t h i s  t a b l e  t h a t  t h e  r e l a t i v e  r a t e s  f o l l o w  
th e  same ( s t e r i c )  s e q u e n c e  a s  t h a t  f o u n d  [se q u e n c e  1*3^ ]  by  S p a l d i n g  
f o r  t h e  s u b s t i t u t i o n  by m e r c u r i c  i o d i d e  i n  96% aq  m e th a n o l ,  a l t h o u g h  
J o h n s t o n ’ s r e s u l t s  show a  more p ro n o u n c e d  s t e r i c  e f f e c t  ( c f *  T a b le s  
1*1 and  1 * 5 ) .  S eq u en ce  1*3^ i n  i t s e l f  s u g g e s t s  m echan ism  Sr ,2 (o p e n )  
f o r  t h e  s u b s t i t u t i o n  by m e r c u r i c  c h l o r i d e ,  a  m echanism  s u p p o r t e d  by  
t h e  f a c t  t h a t  t h e  e f f e c t  o f  c h l o r i d e  i o n  upon t h e  r a t e  c o n s t a n t  o f  
r e a c t i o n  [ 1 .5 7 :  R = E t ]  a t  kOc *C v/as n e g l i g a b l e ,  w h a t  i n c r e a s e  t h e r e ,  
v/as b e i n g  c o m p a ra b le  t o  a  k i n e t i c  s a l t  e f f e c t  [cf • I n g o l d  e t  a l  ( 2 8 ) ]  
The p o s s i b i l i t y  o f  t h e  e l e c t r o p h i l i c  s p e c i e s  b e i n g  HgCl^+  ^ was a l s o  
r u l e d  o u t  s i n c e  th e  a d d i t i o n  o f  c h l o r i d e  i o n  w ould  d e p r e s s  t h e  c o n c ­
e n t r a t i o n  o f  HgCl^+  ^ c o n s i d e r a b l y  and  h en ce  c a u s e  a  r e d u c t i o n  i n  r a t e
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Table 1.5
R a te  c o n s t a n t s  and  r e l a t i v e  r a t e s  f o r  t h e  r e a c t i o n s  b e tw e e n  
t e t r a a l k y l t i n s  and  m e r c u r i c  c h l o r i d e  i n  s o l v e n t s  m e t h a n o l / w a t e r
jR^Sn: R = Me E t •n nP r Hu11 Bu1 P r .1
S o l v e n t  m e th a n o l
. 4 0  _ - 1 . - 1  kg , 3. m ole  m m 2 3 0 .1 0*666 0 . 1 3 4 0 .1 2 7 0 . 0 1 8 6 -
r e l a t i v e  r a t e 100 0 . 2 8 9 0 . 0 5 8 2 0 .0 5 5 2 0 . 0 0 8 0 8 -
, 2 5  -) . . - 1 . - 1k^  , 1 m ole m m 9 3 .1 0 , 2 0 0 0 .0 3 7 7 O.O369 0 .0 0 4 8 0 <10~6
r e l a t i v e  r a t e 100 0 .2 1 5 0 .0 4 0 5 0 .0 3 9 6 0 . 0 0 5 1 6 <10~6
S o l v e n t  9G% aq  m e th a n o l
40 ~1 -1  kg  j 1 m ole min 3 6 0 . 8 1.14-9 0 . 2 1 8 0 . 2 0 3 0 . 0 3 2 2 -
r e l a t i v e  r a t e 100 0 . 3 1 8 0 .0 6 0 4 O.O563 0 . 0 0 8 9 2 -
25 -1  -1  1^ 2 , 1 m ole min 1 5 5 . 3 0 .3 7 8 0 .0 6 7 9 0 . 0 6 2 6 0 .0 8 2 9 6 . 1x 10“7
r e l a t i v e  r a t e 100 0 .2 4 3 0 .0 4 3 7 0 .0 4 0 3 0 .0 0 5 3 4 3 .9 x 1 0 ~7
S o l v e n t  85% aq  m e th a n o l
,4o _ _ -1  . -1k 2 , 1 m ole m m 977* 4 .2 1 3 0 .6 9 2 O. 605 O.O856 -
r e l a t i v e  r a t e 100 0 .4 3 1 0.-0708 O.O619 O.OO876 -
, 2 5  . , - 1 . - 1  kg  , 1 m ole m m 44o* 1 .4 6 5 0 .2 3 5 0 .1 9 4 0 .0 2 3 6 <10- 7
r e l a t i v e  r a te . 100 0 .3 3 3 0 .0 5 3 4 0 .0 4 4 1 0 .0 0 5 3 6 < io - 7
* The v a l u e s  g iv e n  by  J o h n s t o n  (3 3 ) , 4o ior 2 (Me) and (Me) w ere  1272
—1
and  6 *17-9  1 m ole min  ^, b u t t h e s e a r e  now c o n s i d e r e d  to  be i n c o r r e c t .
The v a l u e s  g iv e n  i n  t h i s  t a b l e  have b e e n  c a l c u l a t e d from  o r i g i n a l  d a t a
s u p p l i e d  by 6 . F .  Jo h n s to n *
The k i n e t i c  s a l t  e f f e c t s  o f  L iC lO ^ and o f  t e t r a - n - b u ty l a m m o n i u m  
p e r c h l o r a t e  (Bu^NClO^) upon th e  r a t e  o f  r e a c t i o n  [ l . 3 7 * R — K t]  a t  
40°C i n  s o l v e n t  96% aq  m e th a n o l  was exam ined*  I t  was fo u n d  t h a t  t h e
m a g n i tu d e  o f  t h e  s a l t  e f f e c t  upon t h e  s e c o n d  o r d e r  r a t e  c o n s t a n t  was 
s i m i l a r  i n  e a c h  c a s e  and  sc  d e m o n s t r a t e d  an  in d e p e n d e n c e  o f  t h e  s a l t  
e f f e c t  on c a t i o n  s i z e .  The more e x t e n s i v e  s t u d i e s  w i t h  L iC lO ^ w ere  
a n a l y s e d  i n  a  m anner l i k e  t h a t  o f  S p a l d i n g  (3 2 )  t o  d e t e r m in e  t h e  
e f f e c t  o f  t h e  ad d ed  s a l t  on b o t h  t h e  r e a c t a n t s  and  t h e  t r a n s i t i o n  
s t a t e .  The l a r g e  p o s i t i v e  s a l t  e f f e c t ,  i n  k e e p i n g  w i t h  S p a l d i n g ’s  
a n a l y s i s ,  a p p a r e n t l y  r e s u l t e d  f rom  t h e  s a l t i n g  o u t  o f  t h e  r e a c t a n t s ,  
t h e  s a l t  h a v i n g  l i t t l e  o r  no e f f e c t  upon t h e  s t a b i l i s a t i o n  o f  t h e  
t r a n s i t i o n  s t a t e .
The same q u a l i t a t i v e  c o n c l u s i o n s  a s  t o  t h e  n a t u r e  o f  t h e  t r a n s ­
i t i o n  s t a t e  a s  t h o s e  r e a c h e d  by  S p a l d i n g  w ere  made, t h a t  t h e  t r a n s ­
i t i o n  s t a t e  was p o l a r  w i t h  some s e p a r a t i o n  o f  c h a r g e .
The v a r i a t i o n  o f  r a t e  c o n s t a n t s  w i t h  s o l v e n t  c o m p o s i t i o n  was 
d i s c u s s e d  i n  te rm s  o f  t h e  e q u a t i o n  1 , 3 9 >
N (D -1 )
^ ° ^ 1 0  k  * ^ ® 1 0  k o  "" "  •2.303RT (2D+1)
2 2 2
^ g C X  _ ^
y  3 3
r \ S n  r HgCl2
1 .3 9
w here  k  and  k. a r e  t h e  s e c o n d  o r d e r  r a t e  c o n s t a n t s  i n  m e d ia  o f  o
d i e l e c t r i c  c o n s t a n t s  D and  1 (D eb y es)  r e s p e c t i v e l y ,  and and  
r e p r e s e n t  t h e  d i p o l e  moment and ’' r a d i u s ” o f  a  s i n g l e  m o l e c u le  o f  t h e  
compound A*
2 3S in c e  {k, „ = 0 , t h e  te rm  (p^. « / r n „ ) d i s a p p e a r s  f ro m  th eHi on Ki on  Jrii on
(D - 1 )e x p r e s s i o n ,  and i t  i s  s e e n  t h a t  a  p l o t  o f  & a g a i n s t  - -j
v.ro u ld  g iv e  a  l i n e  o f  p o s i t i v e  s l o p e  i f  c o n d i t i o n  1.4-0 i s  s a t i s f i e d ,
1 ,A-o
/  HgCl2
Now r ^  m u s t  be  g r e a t e r  t h a n  3 7 ^s3*nc e  a  f i r s t  a p p r o x i m a t i o n
35
3 3 3 \
rjL = r UgCl * r R Sn anc  ^ s °  ^  /  wou- ^  iiave ’k° g r e a t e r  t h a n  ^gQ^_
f o r  t h i s  r e q u i r e m e n t  t o  be s a t i s f i e d ,
A s t r a i g h t  l i n e  g r a p h  o f  p o s i t i v e  s l o p e  i-zould t h u s  be  e v id e n c e  
o f  a  t r a n s i t i o n  s t a t e  w i t h  a  l a r g e r  d i p o l e  moment t h a n  t h a t  o f  t h e  
r e a c t a n t  HgCl^, s t r o n g l y  s u g g e s t i n g  c o n s i d e r a b l e  c h a rg e  s e p a r a t i o n  
i n  t h e  t r a n s i t i o n  s t a t e  and t h e r e b y  m echanism  S ^ C o p e n )  f o r  t h ejIi
s u b s t i t u t i o n .
R a te  c o n s t a n t s  w ere  o b t a i n e d  f o r  r e a c t i o n  [1«37: R = E t  ] a t  25 
and  k0 ° 0  i n  n in e  m e t h a n o l / w a t e r  s o l v e n t  m i x t u r e s  i n  t h e  r a n g e  100% 
t o  65/o aq  m e th a n o l ,  A g r a p h  o f  v a l u e s  o f  log^Q  o f  t h e  s e c o n d  o r d e r  
r a t e  c o n s t a n t s  p l o t t e d  a g a i n s t  v a l u e s  o f  ‘f j g y pj was i n d e e d  a  s t r a i g h t  
l i n e  o f  p o s i t i v e  s l o p e ,  i n d i c a t i n g  m echanism  S-g2(open) f o r  r e a c t i o n .  
The a c t i v a t i o n  p a r a m e t e r s  f o r  a l l  t h e  r e a c t i o n s  w ere  d e t e r m in e d  
and  a r e  g iv e n  i n  T a b le  1 , 6 ,  U s in g  t h e  a rg u m e n t  a d v a n c e d  by S p a l d i n g  
( s e e  page  t h e s e  w ere  shown to  be c o n s i s t e n t  w i t h  t h e  p r o p o s e d
m echan ism . The a c t i v a t i o n  p a r a m e t e r s  f o r  t h e  r e a c t i o n  f l* 3 7 : R = ^ t ]  
a t  25  and  iiO°G i n  v a r i o u s  m e t h a n o l / w a t e r  s o l v e n t  m i x t u r e s  w ere  
f u r t h e r  a n a l y s e d  by  t h e i r  d i s s e c t i o n  i n t o  g ro u n d  s t a t e  and  t r a n s i t i o n  
s t a t e  c o n t r i b u t i o n s .
The f r e e  e n e r g i e s  o f  t r a n s f e r  f rom  s o l v e n t s  m e th a n o l  t o  m e t h a n o l /  
w a te r  o f  m e r c u r i c  c h l o r i d e ,  t e t r a e t h y l t i n  and t h e  t r a n s i t i o n  s t a t e -  
com plex  w ere  f u r t h e r  d i s s e c t e d  i n t o  t h e i r  " n e u t r a l "  and  " e l e c t r i c a l "  
c o n t r i b u t i o n s .  A c o m p a r is o n  o f  t h e  " e l e c t r i c a l "  c o n t r i b u t i o n s  t o  
th e  f r e e  e n e rg y  o f  t r a n s f e r  c o n f i r m e d ,  on a  more q u a n t i t a t i v e  b a s i s  
t h a n  had  p r e v i o u s l y  b e e n  a c h i e v e d ,  t h a t  t h e  r e a c t i o n  b e tw e e n  t e t r a ­
a l k y l t i n s  and  m e r c u r i c  c h l o r i d e  i n  v a r i o u s  m e t h a n o l / w a t e r  s o l v e n t  
m i x t u r e s  p r o c e e d e d  by m echanism  3. ,^2 ( o p e n ) .
T a b le  1 . 6
A c t i v a t i o n  p a r a m e t e r s 8- f o r  r e a c t i o n  1 .3 7  i n  m e t h a n o l / w a t e r  s o l v e n t
m i x t u r e s
R Me E t •n nP r •D 11Bu Bu1 P r 1
S o l v e n t m e th a n o l
AG298 1 7 .1 9 3 2 0 . 8 3 2 21 .821 2 1 .8 3 4 2 3 .0 4 2 2 8 . 0 0 0
AH298 10 .6 0 0 1 4 .3 5 0 1 5 .1 0 0 1 4 .7 0 0 1 6 .1 5 0 2 1 . 000b
' TAS298 6 .5 9 0 6 .4 7 0 6 .7 4 0 7 .1 3 0 6 . 8 9 0 7 . 00ob
AS298 - 22 .1 - 2 1 . 7 - 2 2 . 6 - 2 3 . 9 - 2 3 .1 - 2 5 . 0
S o l v e n t 96% aq m e th a n o l
AG298 1 6 .8 9 0 2 0 .4 5 5 2 1 .4 7 2 21 .521 2 2 . 7 1 8 2 8 . 0 0 0
AH298 9 .8 5 0 1 3 .1 3 0 1 3 .8 5 0 1 4 .1 5 0 1 6 . 2 0 0 2 1 . 000b
“TAS298 7 .0 7 0 7 .3 1 0 7 .6 3 0 7 .3 9 0 6 .5 3 0 7 .o o o b
A
298 > 2 3 .7 - 2 4 . 5 - 2  5 . 6 - 2 4 . 8 - 2 1 . 9 - 2 5 . ob
S o lv e n t
AG298
85% aq  m e th a n o l
1 6 .2 7 3  1 9 .6 5 3 2 0 .7 3 7 2 0 . 8 5 0 2 2 .0 9 9 2 8 . 0 0 0
AH298 9 .3 0 0 1 2 .4 5 0 1 2 .7 5 0 1 3 .4 8 0 1 5 .3 5 0 2 1 . 000b
_1’AS298 6 .9 8 0 7 .1 9 0 7 .9 6 0 7 .3 7 0 6 .7 4 0 7 . 000b
AS298  
a  AG^,
- 2 3  . 4  - 2 4 .1  
AHr  and  -TAS^ i n  k c a l
- 2  6 .7  
mole ^ ,
- 2 4 . 7
A £ ^  i n  c a l
- 2 2 . 6
-1  —1deg  m ole
- 2 5 . ob
; l i m i t s
o f  e r r o r  a r e  g iv e n  i n  r e f e r e n c e  44,
~1 -1b A v a l u e  o f  -2 5  c a l  deg  m ole  f o r
»
AS298 h a s b e e n  assum ed •
The e n t h a l p i e s  o f  t r a n s f e r  f rom  m e th a n o l  t o  a q u e o u s  m e th a n o l  o f  
th e  r e a c t a n t s  and  t r a n s i t i o n  s t a t e s  d e t e r m in e d  i n  t h i s  w ork  h av e  b ’e e n  
p u b l i s h e d  i n  c o n j u n c t i o n  w i t h  e n t h a l p i e s  o f  t r a n s f e r  f ro m  m e th a n o l  t o  
a c e t o n i t r i l e  and  t - b u t a n o l  f o r  t h e  same r e a c t i o n  [ l * 3 7 :  R  — E t]  ( 4 5 )  •
F i n a l l y ,  J o h n s t o n  (3 3 )  made a  c o m p a r is o n  o f  r a t e s  o f  s u b s t i t u t i o n  
o f  t e t r a e t h y l t i n  by  v a r i o u s  m e r c u r i c  s a l t s  a t  4-0°C; t h i s  h a s  b een  
e x t e n d e d  by t h e  r e c e n t  w ork o f  Behbahany (A6 ) and  a l l  r a t e s  a t  25  and  
4-0° C a r e  g iv e n  i n  T a b le  1 .7*
T a b le  1 .7
 . . . .  - 1 ,  -1  „  ,  , ,  , . . . .  „  . ....
by v a r i o u s m e r c u r i c s a l t s  a t 25 and  4-0°C
S a l t  s o l v e n t :  m e th a n o l 96% aq  m e th a n o l  85% aq  m e th a n o l
4s .  4-0 2 k 252 ■4° *F k ^02
H gl2 , 0 . 152a 0 .4 5 7 ° 0 .2 8 5 b 0 .7 6 7 b 0 . 8 8 7 a 1 .4 6 9 °
HgCl2 0 . 200°
❖
0 . 669 ° 0 .3 7 8 ° 1.14-9° 1 .4 6 5 ° 4 .2 1 3 °
Hg(0Ac) 2 3 7 . 5 ° 60° 5 8 . 3a 1 5 2 .7 °  1 9 1 . 7a 2 4 0 .2 °
a  r e f e r e n c e 4-6; b r e f e r e n c e 32; c r e f e r e n c e  3 3 *
* No a c e t i c a c i d  a d d e d .
I t  i s  s e e n  from  T a b le  1 .7  t h a t  a s  t h e  i o n i c i t y  o f  t h e  m e r c u r i c  
s a l t  i n c r e a s e s ,  t h e  s e c o n d  o r d e r  r a t e  c o n s t a n t  i n c r e a s e s ,  i n  a l l  
t h r e e  s o l v e n t s  s t u d i e d .  T hese  r e s u l t s  a r e  i n  a g re e m e n t  w i t h  t h e  
p o s t u l a t e d  ( 2 8 ) r e q u i r e m e n t  o f  m echan ism  3 ^ 2 (o p e n )  t h a t  t h e  r a t ejh
s h o u ld  i n c r e a s e  a s  t h e  p o t e n t i a l  a n i o n  o f  t h e  r a t t a c k i n g  r e a g e n t  
becom es more i o n i c .
5 .  Exam ple o f  m echanism  S „ 2 ( c o o r d )
-    .
T h ere  have  so  f a r  b e e n  no r e p o r t e d  m e ta l  f o r  m e t a l  s u b s t i t u t i o n  
r e a c t i o n s  p r o c e e d i n g  by  m echanism  8^2  ( c o o r d ) .
As an  exam ple  o f  t h i s  m echanism  t h e  r e a c t i o n s  o f  a l k y l b o r o n i c  
a c i d s  w i t h  t h e  h y d ro g e n  p e r o x i d e  a n i o n  i n  a q u e o u s  s o l u t i o n ,  s t u d i e d
by M in a to ,  Ware and  T r a y l o r  ( 4 7 ) ,  i s  g iv e n :
R +. 00H( "^ R .— - 1 - *  (HO) BOR * H ( /" ^
I / J ”..h, / " v
B(OH) (HO) B 0 - — OH 1.4-1
I t  was shown t h a t  c h a n g e s  i n  t h e  a l k y l  g ro u p ,  R, g r e a t l y  a l t e r e d  t h e  
o v e r a l l  r a t e  c o n s t a n t s ,  Kk^, w h i l e  p r o d u c in g  l i t t l e  ch an g e  i n  K, a s  
shown i n  t h e  r e l a t i v e  r a t e  c o n s t a n t s :
B = Me Bu11 Bus  Bu*
Kk., = 1 38 183 565
k 1 = 1 52 185 330
I t  i s  s e e n  t h a t  t h e  r a t e  c o n s t a n t  f o r  t h e  e l e c t r o p h i l i c  s t e p ,  , i s  
s t r o n g l y  d e p e n d e n t  upon  t h e  p o l a r  ( i n d u c t i v e )  e f f e c t ,  t h e  r e a c t i v i t y  
s e q u e n c e  1.4-2 o b t a i n i n g .  Abraham and  H i l l  (1 8 ,7 s .)  h ave  s u g g e s t e d
Me < Bun < BuS < Bu5 1 .4 2
t h a t  t h e  5 ^ 2 (c o o r d )  m echanism  w ould  i n v a r i a b l y  f o l l o w  a  p o l a riir
s e q u e n c e  o f  r a t e s  f o r  s im p le  a l k y l  g r o u p s ,  i . e .  s e q u e n c e  1 .43#
Me < E t  ~  P r 11 < P r 1 < Bu* 1 . 4 >
They add  (7s.) t h a t  s h o u ld  th e  m e ta l  a l k y l  be o f  ty p e  t h e n  t h e
l e a v i n g  g r o u p ,  MR , m ig h t  c o n t r i b u t e  a  s t e r i c  e f f e c t ,  i n  o p p o s i t i o n  
to  t h e  p o l a r  o n e ,  t o  t h e  o v e r a l l  s e q u e n c e .
6. The relative rates of bimolecular electrophilic substitution
r e a c t i o n s
The r e l a t i v e  r a t e s  o f  b i m o l e c u l a r  e l e c t r o p h i l i c  s u b s t i t u t i o n  
r e a c t i o n s  c o n s i d e r e d  above  have  b e e n  i n c l u d e d  i n  T a b le  1 . 8 , a r r a n g e d  
i n  o r d e r  o f  i n c r e a s i n g  p o l a r  e f f e c t s .  T h is  t a b l e  i s  b a s e d  upon  t h e  
i n t e r p r e t a t i o n  o f  t h e  r a t e s  o f  s u c h  r e a c t i o n s  by Abraham and  H i l l  
( 1 8 , 7 ) ,  and  e x p r e s s e s  t h e  change  i n  r e l a t i v e  r a t e s  a s  m echan ism  
c h a n g e s  from  S ^,2(o j)en), t h r o u g h  S ^ ,2 ( c y c l i c ) ,  to  8 ^ 2 ( c o o r d ) .
7* S o l v e n t  e f f e c t s  i n  e l e c t r o p h i l i c  s u b s t i t u t i o n  a t  s a t u r a t e d  c a r b o n
a )  R e l a t i v e  r e a c t i v i t y  o f  R i n  RMX w i t h  s o l v e n t---------------------------------- \L --------------  n --------------------
From a  s t u d y  o f  th e  r a t e s  o f  r e a c t i o n  o f  t e t r a a l k y l t i n s  w i t h  
h a lo g e n s  i n  s o l v e n t s  o f  v a r y i n g  p o l a r i t y ,  G ie l e n  and  N a s i e l s k i  (5 1 )  
fo u n d  t h a t  a  s t e r i c  s e q u e n c e ,  Me > E t  > P r n > P r 1 o b t a i n e d  i n  p o l a r  
s o l v e n t s  and  a  p o l a r  s e q u e n c e ,  Me < E t  > P r n < P r 1 o b t a i n e d  i n  n o n ­
p o l a r  s o l v e n t s .  To r e a c t i o n s  f o l l o w i n g  t h e s e  s e q u e n c e s  w ere  a s s i g n e d  
( 5 1 ,5 7 )  r e s p e c t i v e l y  m echan ism  SE2 ( o p e n )  and  SE2 ( c y c l i c ) .  Abraham 
and H i l l  ( 1 8 , 7 a) i n t e r p r e t e d  th e  r e a c t i v i t y  s e q u e n c e s  f o r  a  f u l l e r  
s e r i e s  o f  b i m o l e c u l a r  s u b s t i t u t i o n s  w h ich  d i d  n o t  a d h e r e  s t r i c t l y  t o  
t h e  ,;s o l v e n t  r u l e "  o f  G ie l e n  and N a s i e l s k i ,  on th e  b a s i s  o f  t h e  
p o s s i b l e  m echan ism s o f  r e a c t i o n  ( s e e  s e c t i o n  1 . 6 ) .
I n  t h e i r  a n a l y s i s  o f  s o l v e n t  e f f e c t s ,  G ie l e n  and  N a s i e l s k i  ( 5 1 ) 
u s e d  r e l a t i o n s h i p  1 . 44-
l o g  ( k / k Q ) — p . X 1 .  >4
k  b e i n g  t h e  r a t e  c o n s t a n t  o f  an a l i p h a t i c  e l e c t r o p h i l i c  s u b s t i t u t i o n  
r e a c t i o n  on a  s p e c i f i c  o r g a n o m e t a l l i c  d e r i v a t i v e  i n  a  c e r t a i n  s o l v e n t ,
k o
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*3 §>P t>o rP P
k  b e i n g  t h e  r a t e  c o n s t a n t  o f  t h e  same r e a c t i o n  on t h e  same o r g a n o -  o
m e t a l l i c  compound i n  a c e t i c  a c i d  ( t h e  r e f e r e n c e  s o l v e n t ) ,  p b e i n g  a  
c o n s t a n t  d e p e n d in g  upon t h e  n a t u r e  o f  t h e  e l e c t r o p h i l e  and  on th e  
o r g a n o m e t a l l i c  compound, (p  was p u t  e q u a l  t o  1 , 0 0  f o r  t h e  brom o- 
d e m e t a l l a t i o n  o f  t e t r a m e t h y l t i n ) , and  X b e i n g  d e f i n e d  a s  t h e  
" p o l a r i t y  o f  t h e  s o l v e n t "  ( 5 9 )*
T h i s  r e l a t i o n s h i p  g ave  t h e  v a l u e s  o f  X = - 4 , 8  f o r  CCl^, - 1 , 9  
f o r  P h C l,  0 , 0 0  f o r  AcOH and  0 , 9  f o r  MeOH. They showed t h a t  a  l i n e a r  
r e l a t i o n s h i p  e x i s t e d  b e tw e e n  t h e  r a t i o  k ^ / k ^  an(  ^ ,,^ fr
o f  t h e  s o l v e n t ,
and  u s e d  t h e s e  two e q u a t i o n s  to  o b t a i n  r e s p e c t i v e l y  X = 0 . 8  f o r  DMF 
and X - ■ 1 . 6  f o r  DMSO (4 8 )  from  t h e i r  e x p e r i m e n t a l  r e s u l t s .  An 
e q u a t i o n  [*1 .4 7 ]  w&s a l s o  e s t a b l i s h e d  from  th e  s t u d y  o f  i o d o d e m e t a l l a t -  
i o n  o f  t e t r a a l k y l l e a d s  (4 8 )  and  a  v a l u e  o f  X = 0 .0 4  f o r  MeCF o b t a i n e d .
G ie l e n  and  N a s i e l s k i  fo u n d  t h a t  X d id  n o t  dep en d  e x c l u s i v e l y  on 
t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  medium and  w h i le  a c c e p t i n g  t h a t  p o l a r ­
i s a t i o n  o f  th e  s o l v e n t  i n  t h e  t r a n s i t i o n  s t a t e  com plex  c o u l d  i n f l u e n c e  
t h i s  t h e y  gave  c o n s i d e r a t i o n  to  a n o t h e r  p r o p e r t y  o f  t h e  s o l v e n t ,  
n am e ly ,  i t s  n u c l e o p h i l i c  p o w er .  They t r i e d  t o  e v a l u a t e  t h e  
* T h is  n o t a t i o n  r e f e r s  t o  t h e  r e a c t i o n  jR^Sn + Br^ — > P^SnBr + E B r .
1 .45
l o g  (k 2 e/ k 2 ^ S n 2 ~ *' ° » Zf 1 .4 6
lo g  (k ^ V k ^ p b 2 = 0 -2 2 5 .x + 0 .245 1 .4 7
^3
n u c l e o p h i l i c  c h a r a c t e r  o f  some s o l v e n t s  w i t h  r e s p e c t  t o  a  t i n  atom 
c a r r y i n g  a  p a r t i a l  p o s i t i v e  c h a r g e ,  a s  i n  t h e  c a s e  o f  t h e  t r a n s i t i o n
s t a t e  f o r  t h e  h a l o g e n o d e m e t a l l a t i o n  o f  t e t r a a l k y l t i n s *  To do t h i s
*1 *17 1 119 1th e y  m e a s u re d  t h e  c o u p l i n g  c o n s t a n t s  J (  S n -  H) and  J (  S n -  H) i n
t r i m e t h y l t i n  h a l i d e s  w h ich  a r e  s o l v e n t  d e p e n d e n t  and a p p e a r  t o  
r e f l e c t  t h e  n u c l e o p h i l i c  pow er o f  t h e  s o l v e n t  to w a rd s  t h e  t i n  a tom ; 
th e  l a r g e r  t h e  c o u p l i n g  c o n s t a n t  t h e  g r e a t e r  t h e  n u c l e o p h i l i c  pow er 
o f  t h e  s o l v e n t .  T h e i r  r e s u l t s  s u g g e s t e d  t h a t  n u c l e o p h i l i c  a s s i s t a n c e  
m ig h t  w e l l  be one o f  t h e  f a c t o r s  g o v e r n i n g  t h e  s i z e  o f  X.
They have  a l s o  shown t h a t  t h e  r a t e  o f  i o d o d e m e t a l l a t i o n  o f  t e t r a ­
m e t h y l t i n  i n  c h lo ro b e n z e n e  i n  th e  p r e s e n c e  o f  a c e t i c  a c i d  i s  d e s c r i b e d  by 
e q u a t i o n  1,4-8, a n d ,  t h e y  a r g u e d ,  t h a t  a s  a c e t i c  a c i d  and  a c e t o n i t r i l e
v  = k®x p [MeifS n ] [ l 2 ][AcOH] 1.4-8
have  t h e  same v a l u e  o f  X t h e  a c e t i c  a c i d  c a n n o t  be p a r t i c i p a t i n g
th r o u g h  e l e c t r o p h i l i c  a s s i s t a n c e  s i n c e  i t  i s  much more a c t i v e  i n
t h i s  r e s p e c t  t h a n  t h e  a p r o t i c  s o l v e n t  a c e t o n i t r i l e *  T h e r e f o r e ,  i t
can  o n l j7- a c t  a s  a  n u c l e o p h i l i c  a s s i s t a n c e  th r o u g h  t h e  t i n  a tom :
. m8 + ( «— s )
• n
\  •— c;
/  ** 6 -E H
A f u r t h e r  f a c t o r  t h e y  c o n s i d e r e d  was th e  s t a b i l i s a t i o n  o f  c h a r g e  
s e p a r a t i o n  i n  t h e  t r a n s i t i o n  s t a t e ,  t h i s  s t a b i l i s a t i o n  i n c r e a s i n g  
w i t h  i n c r e a s i n g  d i e l e c t r i c  c o n s t a n t  o f  t h e  s o l v e n t  (14-a).
P i l l o n i  and  T a b l i a v i n i  (5 2 )  h ave  s t u d i e d  t h e  r e a c t i o n  o f  i o d i n e  
w i th  t e t r a a l k y l l e a d s  u s i n g  s e v e r a l  s o l v e n t s .  The e f f e c t  on t h e  r a t e  
o f  r e a c t i o n  r e s u l t i n g  from  th e  a d d i t i o n  o f  p o l a r  s o l v e n t s ,  m e th a n o l ,
e t h a n o l ,  p r o p a n o l  and  a c e t o n i t r i l e ,  t o  c a r b o n  t e t r a c h l o r i d e  was 
exam ined  i n  t h e  c a s e  o f  t e t r a m e t h y l l e a d .  They fo u n d  t h a t  t h e r e  was a  
l i n e a r  r e l a t i o n s h i p  b e tw e e n  t h e  o b s e r v e d  r a t e  c o n s t a n t  and  t h e  s q u a r e  
c o n c e n t r a t i o n  o f  t h e  ad d ed  s o l v e n t .  The e x i s t e n c e  o f  n u c l e o p h i l i c  
a s s i s t a n c e  by  c o o r d i n a t i o n  o f  p o l a r  s o l v e n t  t o  t h e  l e a d  c e n t r e  i n  a  
p r e - r a t e - d e t e r m i n i n g  s t e p  was p r o p o s e d  f o r  t h e s e  s u b s t i t u t i o n  r e a c t i o n s .
I n  T a b le  1 . 9  l i s t e d  a  number o f  r e a c t i o n s  t a k e n  f ro m  T a b le  1 . 8  
t h a t  have  b e e n  c a r r i e d  o u t  i n  s e v e r a l  s o l v e n t s .  They h ave  b e e n  k e p t  i n  
t h e  o r d e r  o f  t h e  m e c h a n i s t i c  s e q u e n c e  o f  T a b le  1 . 8  and  some p r o p e r t i e s  
o f  t h e  s o l v e n t s  have  a l s o  b e e n  i n c l u d e d .  I t  i s  c l e a r  f rom  t h i s  t a b l e  
t h a t  f o r  any  p a r t i c u l a r  r e a c t i o n  t h e r e  i s  g e n e r a l l y  an  i n c r e a s e  i n  
t h e  v a l u e s  o f  t h e  p a r a m e t e r s  A j ,  D and  X a s  r e a c t i o n  t e n d s  to w a rd s  
m echan ism  S ^ ,2 (o p e n ) .  T h i s  a p p l i e s  e s p e c i a l l y  t o  t h e  p a r a m e t e r  A J ,  
w h ich  i s  t a k e n  a s  a  m e a su re  o f  t h e  n u c e l o p h i l i c  pow er o f  t h e  s o l v e n t :
I t  i s  s e e n  t h a t  f o r  t h e  h a l o g e n o d e m e t a l l a t i o n  r e a c t i o n s ,  i n  g e n e r a l  
t h e  more n u c l e o p h i l i c  i s  t h e  s o l v e n t  t h e  g r e a t e r  i s  t h e  t e n d e n c y  
to w a rd s  m echan ism  S ^ 2 (o p e n )  and  a  s t e r i c  s e q u e n c e  o f  r e a c t i v i t y .
I n  t h e  c a s e  o f  t h e  e l e c t r o p h i l i c  s u b s t i t u t i o n  o f  t e t r a a l k y l t i n s  
by m e r c u r i c  c h l o r i d e  t h e r e  i s  a  more p ro n o u n c e d  s t e r i c  s e q u e n c e  f o r  
r e a c t i o n  i n  t - b u t a n o l  t h a n  i n  m e th a n o l ,  an d  t h i s  d e s p i t e  t h e  o p p o s in g  
e f f e c t  o f  t h e  d i e l e c t r i c  c o n s t a n t .  J o h n s t o n  (3 3 )  b a s  s u g g e s t e d  t h a t  
t h i s  m ig h t  r e s u l t  f rom  s o l v a t i o n  a t  t h e  t i n  a tom  i n  t h e  t r a n s i t i o n  
s t a t e ;  t h e  e f f e c t  o f  s o l v a t i o n  w ould  be t o  make t h e  SnC^ p a r t  o f  t h e  
l e a v i n g  g ro u p  t e n d  to w a rd s  a  p l a n a r  c o n f i g u r a t i o n  c a u s i n g  i n c r e a s e d
Ojs u e n c  i n t e r a c t i o n  b e tw e e n  t h e  a tom s  and  t h e  m oving g r o u p * .
A lth o u g h  t - b u t a n o l  i s  p r o b a b l y  a  w eak e r  L ew is  b a s e  th a n  m e th a n o l  and
* Abraham and  S p a l d i n g  (j>6) have  shown t h a t  t h e s e  a r e  i m p o r t a n t  
f a c t o r s  i n  d e t e r m i n i n g  t h e  s e q u e n c e  o f  r e a c t i v i t y  i n  s u c h  r e a c t i o n s  
( s e e  p ag e  2 6 ) .
may n o t  p e n e t r a t e  t h e  R^Sn m° l e c u l e  so  d e e p l y  a s  m e th a n o l ,  i t  i s
a rg u e d  by J o h n s t o n  t h a t  t h e  g r e a t e r  b u l k i n e s s  o f  t h e  t - b u t a n o l  c o u l d
an e v e r t h e l e s s  f o r c e  a  more p l a n a r  SnC^ g r o u p in g  and  h en c e  l e a d  to  a 
g r e a t e r  s t e r i c  i n t e r a c t i o n  i n  t h i s  s o l v e n t  com pared  w i t h  m e th a n o l .
T a b le  1 .9
W V,-. » J.
s
kj o x a v v kj vi a* v J.J.
e v e r a l  s o l v e n t s
A. R^Sn + HgCl
S o l v e n t A J* D X E t  # Me 1 0 0 . k 2 / k 2
But OH - 1 2 . 2 - 0 .1 5 4
MeOH 9 . 5 5 3 .1 0 . 9 1 0 .2 1 5
Me ON 6 . 2 3 7 .5 o . o 4 0 .6 6 3
B. R^M • V+ ^2 R^Sn + I 2 R^Sn + B r^ R^Pb * I
S o l v e n t A J* D X 1 0 0 . k 2 V k 2 e E t  /, Me lO O .k^ / k ^ y\ r\r\ 1 A1 0 0 . k 2 / k 2
DMSO 1 1 . 8 4 8 .9 1 . 6 4 . 4 - 24
MeCOMe 6 . 8 2 0 .5 - - - 38
MeGN 6 . 2 3 7 .5 0 . 0 4 - - 39
MeOH 9 .5 3 3 .1 0 . 9 1 12 - 39
P r nOH - 1 9 .7 - - - 45
DMF 1 1 . 8 3 6 .7 0 . 8 - 46 -
EtOH - 2 4 .3 - - - 48
AcOH 4 . 2 6 . 2 0 . 0 0 33' 83 57
PhCl. 0 . 0 5 . 6 - 1 . 9 600 1250 -
PhH - 2 . 3 - - - 1200
CCl^ 0 . 0 2 . 2 - 4 . 8 - 9500 3040
* AJ = J ( 117Sn - 1H) , s o l v e n t -  ^ 117s » - 1h ) c c v
A 6
I t  m ig h t  be c o n s i d e r e d  t h e r e f o r e  t h a t  t h e  a p p a r e n t  n u c l e o p h i l i c  
pow er o f  a  s o l v e n t  s h o u ld  r e l a t e  t o  a  s p e c i f i c  s u b s t r a t e  and  w ould  
d epend  upon  th e  a c t u a l  n u c l e o p h i l i c  pow er o f  t h e  s o l v e n t ,  and  th e  
s i z e  and  s h a p e  o f  t h e  s o l v e n t  m o l e c u le .
I n  e s s e n c e  th e  a p p r o a c h e s  o f  G i e l e n  an d  N a s i e l s k i ,  and  o f  
Abraham and  H i l l ,  m ig h t  be  r e g a r d e d  a s  c o m p a t ib l e  on t h e  b a s i s  o f  
a s s i s t e d  m echan ism s ( A ) : N u c l e o p h i l i c  a s s i s t a n c e  c o u ld  o c c u r  when
e i t h e r  t h e  s o l v e n t  (S )  o r  t h e  n u c l e o p h i l i c  p o l e  ( -N ) o f  t h e  e l e c t r o p h i l i c  
r e a g e n t  (E-N) a c t e d  upon th e  s u b s t r a t e  (HMX ) •  I f  t h e  n u c l e o p h i l i c i t y  
o f  t h e  s o l v e n t  was g r e a t e r  th a n  t h a t  o f  -N ( e i t h e r  b e f o r e  o r  d u r i n g  t h e  
e l e c t r o p h i l i c  a t t a c k )  t h e n  r e a c t i o n  w ould  o c c u r  by  m echan ism  S g 2 (o p e n )  
and a  c h a r a c t e r i s t i c  f e a t u r e  o f  t h i s  m echan ism  i s  a  s t e r i c  s e q u e n c e  o f  
r e a c t i v i t y .  I f  t h e  n u c l e o p h i l i c i t y  o f  -N b e f o r e  r e a c t i o n  was g r e a t e r  
t h a n  t h a t  o f  t h e  s o l v e n t  t h e n  r e a c t i o n  w ould  o c c u r  by m echan ism  S^2 
( c o o r d ) ,  and  a  c h a r a c t e r i s t i c  f e a t u r e  o f  t h i s  m echan ism  i s  a  p o l a r  
s e q u e n c e  o f  r e a c t i v i t y .  F i n a l l y ,  i f  t h e  n u c l e o p h i l i c i t y  o f  -N d u r i n g  
r e a c t i o n  v/as g r e a t e r  t h a n  t h a t  o f  t h e  s o l v e n t  t h e n  r e a c t i o n  w ou ld  
o c c u r  by m echan ism  S ^2 ( c y c l i c ) ,  and  t h e  c h a r a c t e r i s t i c  f e a t u r e  o f  t h i s  
m echanism  i s  t h e  ’'h y b r i d ” s e q u e n c e  o f  r e a c t i v i t y .
The e f f e c t  o f  p o l a r  s o l v e n t s  i n  s t a b i l i s i n g  c h a rg e  s e p a r a t i o n  
w ould  i n  t h i s  schem e be r e g a r d e d  a s  o n ly  a  m o d i f y in g  e f f e c t  w h ic h  
p r e s u m a b ly  w ould  a c c e n t u a t e  a  s t e r i c  s e q u e n c e  i n  S_,2.(open) and  a  
p o l a r  s e q u e n c e  i n  Sg2 ( c o o r d ) .
b )  S o l v e n t  and  r a t e s  o f  r e a c t i o n
—'I
R a te  c o n s t a n t s  i n  1 mole s e c  f o r  f i v e  r e a c t i o n s  i n  s e v e r a l  
s o l v e n t s  a r e  c o r r e l a t e d  w i t h  some p r o p e r t i e s  o f  t h e s e  s o l v e n t s ,  i n  
T a b le  1 . 1 0 .
Table 1.10
— ■1 - 1C o r r e l a t i o n  o f  r a t e  c o n s t a n t s  i n  1 m ole s e c  w i t h  v a l u e s  o f  A J ,  D.
and  X f o r  s e v e r a l  s o l v e n t s
R M + E- n
S o l v e n t
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T 23 °  2
BuS Hg + 
25°HgBr^
MeCN 6.2 37.5 o.o4 2 . 8 1° . - - 250000° -
MeCOMe 6.8 20.3 - - - - 20000° 24°
MeOH 9.5 33.1 0 .9 1 1.55° 6.8° - 11000° -
rnso 11.8 4-8.9 1 .6 - 0 .'+8° - 10000° -
EtOH - 24.3 - - - - 280 0° -
P r n0H - 19.7 - - - - 1600° -
But 0H - 12.2 - 0.19° - - - -
DMF 1 1 .8  3 6 .7 0 .8 - - 240° - -
AcOH 4.2 6 , 2 0 . 0 0 - 0 . 22 ° 9.6° 1000° 3.4°
PhCl 0 . 0 3.6 -•1.9 - 0 .0 0 0 1 67°0 , 12° MO -
PhH - 2.3 - - - - 0.5° -
CCl^ 0 . 0 2 . 2  - 4.8 - - 0 .0 0 0 1 8° 0 . 0 3 c
o m echanism 3 ^ 2 (o p en )
jIt
c m echan ism Sg2 ( c y c l i c )
E x a m in a t io n  o f th e l i m i t e d d a t a  i n t h i s  t a b l e shows f o r e a c h
r e a c t i o n  some i n t e r e s t i n g  p o i n t s :  C l e a r l y  m echan ism  S „ 2 ( o p e n )  i s
ih
f a s t e r  t h a n  S g 2 ( c y c l i c ) ; t h e r e  i s  i n  f a c t  a  c o r r e l a t i o n  b e tw e e n  
r a t e  and  r e a c t i v i t y  s e q u e n c e  from  th e  r e g i o n  o f  m e c h a n i s t i c  ch an g e  
( f ro m  open  t o  c y c l i e )  w e l l  i n t o  m echan ism  SE2 ( c y c l i c )  ( s e e  T a b le  1 . 9 ) *  
F o r  th e  S g 2 (o p e n )  m echanism  o f  r e a c t i o n  Me^Pb + t h e r e  i s  an
i n v e r s e  c o r r e l a t i o n  b e tw e e n  A J and  r e a c t i o n  r a t e .  I t  h a s  b e e n  
s u g g e s t e d  by D essy  and P a u l i k  (4 )  t h a t  n u c l e o p h i l i c  a s s i s t a n c e  b y  t h e
n u c l e o p h i l i c  p o l e  o f  t h e  e l e c t r o p h i l i c  r e a g e n t  w ould  be m o s t  s u c c e s s ­
f u l l y  s o u g h t  and  o b s e r v a b l e  i n  a p r o t i c  o r  a p r o t i c - p o l a r  s o l v e n t s  s u c h
a s  BMSO, BMP, MeCIT o r  h y d r o c a r b o n s ; p o s s i b l y  an  i n c r e a s e  i n  s u c h  
n u c l e o p h i l i c  a s s i s t a n c e  i s  a s s o c i a t e d  w i t h  a  d e c r e a s e  i n  A j  o f  t h e  
s o l v e n t .
F i n a l l y  i t  i s  s e e n  t h a t  t h e  i n d i r e c t l y  d e t e r m in e d  (^ -8 ,3 ! )  v a l u e s  
o f  X, i . e .  O.O^f f o r  MeCN and  1 , 6  f o r  BMSO, do n o t  c o r r e l a t e  w e l l  w i t h  
t h e  r a t e s  o f  r e a c t i o n  Me^Pb +. I  . T h ese  v a l u e s  a p p e a r  t o  be t o o  low  
and to o  h i g h  r e s p e c t i v e l y .
G l a s s t o n e ,  L a i d l e r  and  E y r i n g  (6 0 )  have  s u g g e s t e d  t h a t  t h e  r e a s o n  
f o r  a c c e l e r a t i o n  o r  r e t a r d a t i o n  o f  a  c h e m ic a l  r e a c t i o n  upon  c h a n g in g  
th e  s o l v e n t  i s  t h e  d i f f e r e n c e  i n  t h e  s t a b i l i s a t i o n  o f  t h e  i n i t i a l  
s t a t e  and  o f  t h e  t r a n s i t i o n  s t a t e  by  s o l v a t i o n .
Abraham (? b )  h a s  drawn a t t e n t i o n  to  t h e  n e g l e c t  o f  i n i t i a l  s t a t e
e f f e c t s  upon t h e  r a t e ,  s i n c e  s u c h  e f f e c t s  may be o f  m a jo r  s i g n i f i c a n c e  
(4-5). F o r  i n s t a n c e ,  t h e  p r e s e n t  w ork h a s  shown t h a t  t h e  a c t i v a t i o n
mm0]
e n e rg y  o f  r e a c t i o n  1 .4 9  d e c r e a s e s  by  3 k c a l  m ole on t r a n s f e r  f ro m  
E t^ S n  +. HgCl2 — ~2—> E t  SnCl + EtH gCl 1 .^ 9
s o l v e n t  m e th a n o l  t o  s o l v e n t  a c e t o n i t r i l e .  T h i s  r e d u c t i o n ,  h o w e v e r ,
i s  due e n t i r e l y  t o  an  i n c r e a s e  i n  t h e  e n t h a l p y  o f  t h e  r e a c t a n t s ,
-1t e t r a e t h y l t i n  b e i n g  r a i s e d  i n  e n t h a l p y  1 . 1 3  k c a l  m ole and  m e rc u r ic .
-1c h l o r i d e  by  1 . 6 3  k c a l  m ole  on t r a n s f e r  from  m e th a n o l  t o  a c e t o n i t r i l e  
(^•3). .A lthough t h e  c o r r e s p o n d i n g  e f f e c t  i n  t h e  f r e e  e n e r g y  t e rm s  
a r e  n o t  known and  h en ce  a n a l y s i s  o f  t h e  s o l v e n t  e f f e c t  on  r e a c t i o n  
r a t e  c a n n o t  be a c h i e v e d ,  t h e  s i g n i f i c a n c e  o f  i n i t i a l  s t a t e  e f f e c t s  
m e r i t s  i n v e s t i g a t i o n .
SECTION 2
THE DETERMINATION OF STERIC EFFECTS
1•  O b j e c t  and  o u t l i n e  o f  t h i s  s e c t i o n
T he o b j e c t  o f  t h i s  s e c t i o n  i s  t o  p r e s e n t  som e o f  t h e  a t t e m p t s  
made t o  e x p l a i n  s t e r i c  e f f e c t s ,  p a r t i c u l a r  a t t e n t i o n  b e i n g  g i v e n  t o  
s e m i - q u a n t i t a t i v e  and  q u a n t i t a t i v e  a p p r o a c h e s *
The s e c t i o n  c o n s i s t s  o f  an  i n t r o d u c t i o n  and s u b s e c t i o n s  on  
i n t e r n a l  r o t a t i o n  b a r r i e r s ,  r a c e m i s a t i o n  o f  o p t i c a l l y  a c t i v e  
b i p h e n y l s ,  t h e  a p p r o a c h  t o  c o n f o r m a t i o n a l  a n a l y s i s  i n  i n c r e a s i n g l y  
c o m p le x  m o l e c u l e s ,  a n d  s t e r i c  e f f e c t s  i n  t h e  S ^ 2  and  S^2  r e a c t i o n s *
2* I n t r o d u c t i o n
The p r o b le m  o f  t h e  s p a c i a l  a r r a n g e m e n t  o f  a to m s  i n  m o l e c u l e s  h a s  
a t t r a c t e d  much i n t e r e s t  i n  t h e  l a s t  t w e n t y - f i v e  y e a r s ,  p a r t i c u l a r l y  
fr o m  t h e  a s p e c t s  o f  h i n d e r e d  r o t a t i o n  a b o u t  s i n g l e  b o n d s  i n  m o l e c u l e s  
( 61 - 63)1  c o n f o r m a t i o n a l  a n a l y s i s  and  s t e r i c  s t r a i n  ( 6^ - 6 6 ) ,  and  
r e a c t i o n  k i n e t i c s  ( 67 - 6 9 , 1 5 )*
S e v e r a l  f a c t o r s  g o v e r n i n g  i n t r a m o l e c u l a r  i n t e r a c t i o n s  h a v e  b e e n  
s u g g e s t e d :
T h e r e  a r e  t h e  Van d e r  ¥ a a l s  i n t e r a c t i o n s  ( 7 0 )  w h i c h  e x i s t  
b e t w e e n  a to m s  t h a t  a r e  n o t  d i r e c t l y  b o u n d  t o  e a c h  o t h e r  ( h e n c e '  t h e  
te r m  f n o n - b o n d e d  i n t e r a c t i o n s ’ ) ;  a  p a i r  o f  a p p r o a c h i n g  n o n - b o n d e d  
a to m s  a t  f i r s t  e x p e r i e n c e  w e a k l y  a t t r a c t i v e  f o r c e s  b u t  a r e  s u b s e q u e n t l y  
s u b j e c t e d  t o  i n c r e a s i n g l y  s t r o n g  r e p u l s i v e  f o r c e s  ( s e e  f o r  i n s t a n c e ,  
f i g u r e  2 * 3 ,  p a g e  6 5 )*  I t  i s  t h e s e  f o r c e s  o f  r e p u l s i o n  iv n ic h  c h a n g e  
s o  r a p i d l y  o v e r  s m a l l  d i s t a n c e s  t h a t  c a n  p l a y  an  i m p o r t a n t  p a r t  i n
d e t e r m i n i n g  r a t e s  and  e q u i l i b r i a  o f  p r o c e s s e s  i n  o r g a n i c  c h e m i s t r y .
T h e re  a r e  c o n t r i b u t i o n s  b a s e d  on c y l i n d r i c a l  n o n -sy m m e try  o f  
s i n g l e  bo n d s  ( 7 1 ) ;  t h e  e n e rg y  b a r r i e r  t o  r o t a t i o n  a b o u t  a  s i n g l e  bond 
i s  a p p a r e n t l y  due i n  p a r t  t o  ex ch a n g e  i n t e r a c t i o n s  ( r e p u l s i o n s )  o f  
e l e c t r o n s  i n v o l v e d  i n  t h e  a d j a c e n t  b onds  fo rm ed  by e a c h  o f  t h e  m u t u a l l y  
bound  a to m s .  The h e i g h t  o f  t h e  p o t e n t i a l  hump i s  p r o p o r t i o n a l  t o  
t h e  am oun ts  o f  d and  f  c h a r a c t e r  p o s s e s s e d  by th e  bond o r b i t a l s  and  
t o  t h e  number o f  a d j a c e n t  bonds  fo rm ed  by t h e  two a to m s .
T h e re  a r e  e l e c t r o s t a t i c  c o n t r i b u t i o n s ;  t h e s e  a r i s e  i n  p a r t  f ro m  
che e l e c t r o s t a t i c  i n t e r a c t i o n  b e tw e e n  t h e  c h a rg e  d i s t r i b u t i o n s  o f  t h e  
c h e m ic a l  bond ( 6 1 , 7 2 , 7 3 ) and  i i i  p a r t  from  a c h a r g e  f o r m in g  on t h e  
atom s ( 7^ * 6 8 , 6 9 ) ,  t h e s e  l a t t e r  b e i n g  t r e a t e d  a s  p o i n t  c h a r g e s  a t  t h e  
c e n t r e  o f  t h e  a tom s th e m s e lv e s  and o b e y in g  Coulombs la w .
I t  i s  a p p a r e n t  (7 5 )  t h a t  s t e r i c  i n t e r f e r e n c e  b e tw e e n  a tom s o r  
g ro u p s  o f  a tom s i n  a  m o le c u le  w i l l  g i v e  r i s e  t o  c h a n g e s  i n  bond  
l e n g t h s  and  a n g l e s ,  b r i n g i n g  a b o u t  a  r e d u c t i o n  i n  t h e  n o n -b o n d in g  
e n e rg y  and an  i n c r e a s e  i n  b o n d in g  e n e r g y  i n  s u c h  a  way t h a t  t h e  t o t a l  
e n e rg y  w i l l  be m in im is e d .  H i l l  (7 5 )  h a s  d e s c r i b e d  t h i s  i n  t e rm s  o f  
r e l a t i o n s h i p  2 . 1 ,
B e fo re  p r o c e e d i n g  t o  t h e  ex am p les  o f  t h e  w ork on s t e r i c  e f f e c t s ,  
a t t e n t i o n  i s  f o c u s s e d  on Van d e r  VJaals p o t e n t i a l  f u n c t i o n s  and  f o r c e  
c o n s t a n t s ,  s i n c e  t h e s e  w ould  be r e q u i r e d  f o r  t h e  e v a l u a t i o n  o f  t e r m s  
i n  e q u a t i o n  2 .1  f rom  e x p e r i m e n t a l  d a t a .
n o n -b o n d ed c o n t r i b u t i o n s  + )ond s t r e t c h i n g  c o n t r i b u t i o n s  +
bond  b e n d in g  c o n t r i b u t i o n s 2 . 1
w here  t h e  s t e r i c  e n e r g y ,  E , i s  m in im a ls
a )  Van d e r  W aals  p o t e n t i a l  f u n c t i o n s
Many a t t e m p t s  have  b e e n  made to  d e r i v e  a  p o t e n t i a l  f u n c t i o n  f o r  
t h e  i n t e r a c t i o n  b e tw e e n  two a tom s ( o r  g ro u p s  o f  a to m s)  w here  t h e s e  
a r e  n o t  c o n n e c te d  by v a l e n c e  f o r c e s :  I n f o r m a t i o n  h a s  come f ro m  t h e
c o m p r e s s i b i l i t y  o f  g a s e s  ( 7 6 ) and  s o l i d s  ( 7 7 ) ,  v i s c o s i t y  m e a su re m e n ts  
( 7 8 , 7 9 ) ,  and  m o l e c u l a r  beam s c a t t e r i n g  ( 7 9 ) •
A s e r i e s  o f  Van d e r  W aals p o t e n t i a l  f u n c t i o n s  f o r  t h e  i n t e r a c t ­
i o n s  o f  v a r i o u s  p a i r s  o f  a tom s show c o n s i d e r a b l e  s i m i l a r i t y  o f  s h a p e .  
A p p a r e n t l y  n o n -b o n d e d  a tom s i n t e r a c t  v e r y  much l e s s  s p e c i f i c a l l y  t h a n  
bonded  a to m s :  t h e  a t t r a c t i o n  and  r e p u l s i o n  o f  c l o s e d  e l e c t r o n i c
s h e l l s  i s  more o r  l e s s  i n d e p e n d e n t  o f  t h e  e l e c t r o n i c  k e r n e l s  and 
n u c l e i  t h e y  e n c l o s e  (7 0 )*  The c o n s i d e r a b l e  s i m i l a r i t y  among Van d e r  
W aals  p o t e n t i a l  f u n c t i o n s  e x p r e s s e s  m a t h e m a t i c a l l y  t h e  q u a l i t a t i v e  
f a c t  t h a t  a t  h ig h  p r e s s u r e s  t h e r e  i s  n o t  much v a r i a t i o n  i n  t h e  
c o m p r e s s i b i l i t y  o f  a  wri d e  v a r i e t y  o f  l i q u i d s  ( 8 0 ) .
The t h r e e  m os t  i m p o r t a n t  p o t e n t i a l  f u n c t i o n s  u s e d  a r e  t h e  
L e n n a r d - J o n e s  M12 - 6 ,f p o t e n t i a l  ( 8 1 ) ,
Vr ~ Ar - 1 2 -  Br - 6 2.2
t h e  m o d i f i e d  Buckingham  ne x p - 6 ,! p o t e n t i a l  ( 8 2 ) ,
2 . 3
and t h e  M orse p o t e n t i a l  ( 8 3 ) ,
Vr = e [ l  -  e t -P (r ‘  r o ) ] ] 2 2 . 4
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w here  a ,  (3, s ,  A, B, C, D, E and  r ^  a r e  c o n s t a n t s  and  Vr i s  th e  
p o t e n t i a l  e n e r g y  f o r  a  d i s t a n c e  r  a p a r t  o f  two a to m s .
U n f o r t u n a t e l y ,  Van d e r  W aals p o t e n t i a l  f u n c t i o n s  a r e  n o t  known 
w i t h  any  p r e c i s i o n  and  t h e r e  a r e  c o n s i d e r a b l e  d i f f e r e n c e  o f  o p i n i o n  
a s  t o  w hat v a l u e s  s h o u l d  be t a k e n  f o r  Van d e r  W aals  r a d i i  o f  a to m s .
b )  F o r c e  c o n s t a n t s
The e n e rg y  n e e d e d  to  bend  and  s t r e t c h  v a l e n c e  b o n d s  c a n  be 
c a l c u l a t e d ,  a t  l e a s t  a p p r o x i m a t e l y ,  f rom  a  kn o w led g e  o f  t h e  nf o r c e  
c o n s t a n t s ” f o r  m o l e c u l e s .  The c o n c e p t  o f  f o r c e  c o n s t a n t s  i s  b a s e d
on th e  a s s u m p t io n  t h a t  v a l e n c e  bonds  a r e  e s s e n t i a l l y  s p r i n g s  w h ich
obey H ooke’s  la w
F = -Ki q . 2 . 5
w here  an  atom  i  i n  a  m o le c u le  i s  d i s p l a c e d  from  e q u i l i b r i u m  by  a  
d i s t a n c e  q ^ ,  i s  t h e  f o r c e  c o n s t a n t  f o r  t h e  p a r t i c u l a r  m o t io n ,  and  
F i s  t h e  r e s t o r i n g  f o r c e .
I n  c l a s s i c a l  m e c h a n ic s ,  t h e  p o t e n t i a l  e n e r g y ,  V, o f  t h e  a tom  i s
V = ^ K . q . 2 2 . 6i
1 (kV*'
and  v = — 2 . 7
2njmi
w here  v i s  t h e  f r e q u e n c y  o f  v i b r a t i o n ,  and  ml i s  t h e  a to m ic  m a s s .
When two o r  more a tom s a r e  c o n n e c te d  by v a l e n c e  b o n d s ,  e q u a t i o n  
2 . 7  o f t e n  r e l a t e s  f r e q u e n c y  and f o r c e  c o n s t a n t  p r o v i d e d  t h a t  t h e  m a ss ,  
m^, i s  r e p l a c e d  by  t h e  ’’r e d u c e d  m a ss” , m; i . e .  f o r  two a to m s
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F o r  a  m o le c u le  c o n t a i n i n g  n a to m s ,  i t  w ou ld  b e  p o s s i b l e  t o  
s e p a r a t e  t h e  v i b r a t i o n s  i n t o  Jn  -  6 c o m p le t e ly  i n d e p e n d e n t  h a rm o n ic  
o s c i l l a t i o n s  ( 3 n -  7 ice? & l i n e a r  m o le c u le )  i f  t h e  a tom s s t r i c t l y  
o beyed  Hooke*s la w ,  s u c h  t h a t
S in c e  Hooke*s lav / i s  n o t  s t r i c t l y  ob ey ed  s u c h  a  s e p a r a t i o n  i s  o n ly  
a p p r o x i m a t e l y  v a l i d «
The f r e q u e n c y  o f  v i b r a t i o n  o f  a  p a r t i c u l a r  s y s te m  i s  s o u g h t  
e x p e r i m e n t a l l y  i n  I . R .  and  Raman s p e c t r a ,  and  t h e  f o r c e  c o n s t a n t s  can  
t h e n  be c a l c u l a t e d .  I t  i s  fo u n d  t h a t  f a i r l y  c o n s t a n t  d i f f e r e n c e s  
e x i s t  b e tw e e n  f o r c e  c o n s t a n t s  f o r  a r o m a t i c  and  a l i p h a t i c  b o n d s ,  
s i n g l e  and  d o u b le  b o n d s ,  e t c . ,  and  r e a s o n a b l e  e s t i m a t e s  c a n  so m e t im e s  
be made f o r  u n d e te r m in e d  f o r c e  c o n s t a n t s .
3* I n t e r n a l  r o t a t i o n  b a r r i e r s ;  t h e  a p p r o a c h  to  c o n f o r m a t i o n a l
Mason and  K reevoy  (740 com pared  th e  e x p e r i m e n t a l l y  d e t e r m in e d  
b a r r i e r s  t o  i n t e r n a l  r o t a t i o n  i n  e t h a n e - t y p e  m o le c u le s  w i t h  t h o s e  
c a l c u l a t e d  on t h e  b a s i s  o f  t h e  a s s u m p t io n  t h a t  t h e  b a r r i e r s  w ere  
c a u s e d  by o r d i n a r y  Van d e r  W aals r e p u l s i o n s  b e tw e e n  a tom s o r  g ro u p s  
o f  a tom s i n  t h e  m o l e c u l e .  The r e p u l s i o n s  w ere  e s t i m a t e d  b y  a n a l o g y  
w i t h  known r e p u l s i o n s  b e tw e e n  s i m i l a r  a tom s o r  g ro u p s  o f  a to m s  w h ic h
2 . 1 0
a n a l y s i s  i n  e t h a n e - t y p e  m o l e c u le s
a r e  n o t  p a r t  o f  a  l a r g e r  m o l e c u le .  Thus t h e  f o r c e  la w s  f o r  r a r e  g a s  
a tom s w ere  u s e d  f o r  h a lo g e n  a to m s ,  an d  t h a t  f o r  t h e  i n t e r a c t i o n  
b e tw e e n  two i s o l a t e d  n o n -b o n d in g  h y d ro g e n  atoms; i n  t h e  t r i p l e t  s t a t e  
when s u i t a b l y  m o d i f i e d  was u s e d  f o r  h y d ro g e n  i n t e r a c t i o n s .  A 
ao u lo m b ic  c o r r e c t i o n  te rm  i n  1/ r  was a p p l i e d  i n  t h e  c a s e  o f  h a lo g e n  
a tom s c a r r y i n g  s u b s t a n t i a l  n e g a t i v e  c h a r g e ;  t h e  m a g n i tu d e  o f  t h e  
p a r t i a l  n e g a t i v e  c h a r g e s  w ere  c a l c u l a t e d  w h en ev er  p o s s i b l e  by t h e  
m ethod  o f  S m ith ,  R ee , Magee an d  E y r i n g  ( Sk)  and  i n  o t h e r  c a s e s  by 
d i v i d i n g  t h e  bond  d i p o l e  moment by t h e  bond  l e n g t h .
I n t e r a c t i o n s  i n v o l v i n g  m e th y l  g ro u p s  v/ere t r e a t e d  i n  two w ay s .
The f i r s t  m ethod  i n v o l v e d  a d d in g  up t h e  c o n t r i b u t i o n s  f o r  a l l  h y d ro g e n  
atom s n e g l e c t i n g  t h e  e f f e c t  o f  t h e  c e n t r a l  c a r b o n  a tom s a s  s u g g e s t e d  
by A s to n  e t  a l  ( 8 5 ) .  The s e c o n d  u s e d  an  a v e r a g e  m e t h y l / m e t h y l  
i n t e r a c t i o n  a s  d e t e r m in e d  by a n a lo g y  w i t h  t h e  p o t e n t i a l  e n e rg y  b e tw e e n  
two m e th an e  m o l e c u l e s .
The p o t e n t i a l s  b e tw e e n  p a i r s  o f  u n l i k e  a tom s o r  g r o u p s  w ere  
o b t a i n e d  from  th e  p o t e n t i a l s  b e tw ee n  t h e  a p p r o p r i a t e  p a i r s  o f  l i k e  
a tom s o r  g ro u p s  by means o f  c o m b in a t io n  r u l e s  ( 86 t 8 8 ) ; '  t h e s e  
c o n s i s t  e s s e n t i a l l y  o f  t a k i n g  g e o m e t r i c a l  means o f  t h e  c o r r e s p o n d i n g  
te rm s*  i n  t h e  p o t e n t i a l  f u n c t i o n s  f o r  l i k e  p a i r s  o f  a tom s*
The. m o d e l  w h ich  was em p lo y ed ,  c o n s i d e r i n g  o n ly  n o n -b o n d e d  i n t e r ­
a c t i o n s  b e tw e e n  a tom s o r  g r o u p s ,  had  b e e n  u s e d  b e f o r e  i n  num erous  s t u d i e s  
X-7 8 f 8 5 , 89 - 9 6 ) tout l a c k  o f  r e l i a b l e  f o r c e ,  laws- b a s e d  on i n d e p e n d e n t  
e x p e r i m e n t a l  r e s u l t s  had  p r e v i o u s l y  p r e s e n t e d  d i f f i c u l t i e s .
A ll .  p o s s i b l e  i n t e r a c t i o n s  v/ere com pu ted , f o r  exam ple  n in e
h y d r o g e n /h y d r o g e n  i n t e r a c t i o n s  b e i n g  c o n s i d e r e d  f o r  e t h a n e ,  an d  th e
* I n  t h i s  w ork ,  n o n -b o n d in g  p o t e n t i a l s  w ere  a l l  o f  t h e  same 
(B uckingham ) t y p e .
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b a r r i e r  h e i g h t ,  V , was c a l c u l a t e d  d i r e c t l y  a s
Vq = V ( e c l i p s e d )  -  V ( s t a g g e r e d ) . 2*11
I t  was fo u n d  t h a t  t h e  b a r r i e r  h e i g h t  d ep en d e d  l a r g e l y  on t h e  r a t e  o f  
v a r i a t i o n  o f  t h e  p o t e n t i a l  f u n c t i o n s  o f  i n t e r a c t i o n ,  ^ r ,  w i t h  d i s t a n c e ,  
r ,  r a t h e r  t h a n  on t h e  v a l u e s  o f  tfr t h e m s e l v e s .  Mason and  K reev o y  
s t a t e  t h a t  t h i s  f a c t  t h r e w  c o n s i d e r a b l e  s t r a i n  on t h e  a c c u r a c y  o f  t h e  
c a l c u l a t i o n s  s i n c e  t h e  e x p e r i m e n t a l  m e th o d s  u s e d  t o  o b t a i n  / r  t e n d e d  
t o  y i e l d  v a l u e s  o f  $(r, r a t h e r  t h a n  t h e  v a r i a t i o n  o f  jfo* w i t h  r  d i r e c t l y .
They o b t a i n e d  a  p a r a m e t e r  V! f rom  t h e i r  c a l c u l a t i o n s  w h ic h  was 
co m p a ra b le  t o  V^, t h e  b a r r i e r  h e i g h t ,  i n  t h e  c o s i n e  p o t e n t i a l  2 ; 1 2 ,
V (6 ) =- 1V* (1 -  c o s  n6 ) 2 . 1 2o
f r e q u e n t l y  u s e d  t o  d e s c r i b e  b a r r i e r  s h a p e s  and  e n a b l e  t h e  i n t e r p r e t ­
a t i o n  o f  e x p e r i m e n t a l  r e s u l t s .  From c o m p a r is o n s  o f  V an d  V1 i t  was
*  COS o
fo u n d  t h a t  i n  m ost c a s e s  a b o u t  h a l f  t h e  b a r r i e r  c o u ld  be a t t r i b u t e d
t o  Van d e r  W aals  r e p u l s i v e  f o r c e s .  I t  was s u g g e s t e d  t h a t  t h e  re m a in d e r ,  
c o u ld  p e r h a p s  be  e x p l a i n e d  Q>n t h e  b a s i s  o f  e l e c t r o s t a t i c  i n t e r a c t i o n s  
b e tw e e n  t h e  c h a rg e  d i s t r i b u t i o n s  o f  t h e  c h e m ic a l  bonds  ( 7 2 ,7 3 ) *
C i g n i t t i  and  A l l e n  (9 7 )  have  r e c e n t l y  exam ined  t h e  r o le ,  o f  n o n ­
bonded  i n t e r a c t i o n s  f rom  s e v e r a l  p o i n t s  o f  v ie w  and  s t r e s s  t h a t  s e m i -  
e m p i r i c a l  f o r m u l a e ,  i . e *  Van d e r  W aals  f u n c t i o n s ,  h ave  b e e n  shown t o  
a c c o u n t  f o r  f rom  15 t o  50$  o f  th e  b a r r i e r  t o  i n t e r n a l  r o t e , t i o n  i n  
e th a n e  d e p e n d in g  upon t h e  a p p r o a c h .
S c o t t  and  S c h e r a g a  ( 9 8 ) p r e s e n t  a  m ethod  f o r  c a l c u l a t i n g  t h e  
i n t e r n a l  r o t a t i o n  b a r r i e r s  on t h e  b a s i s  o f  two e f f e c t s ,  n a m e ly ,
n o n - b o n d e d  i n t e r a c t i o n s  and  e x c h a n g e  i n t e r a c t i o n  o f  t h e .  e l e c t r o n s  i n  
t h e  b o n d s  a d j a c e n t  t o  t h e  b ond  u n d e r  c o n s i d e r a t i o n .  A m o d i f i e d  
B u ck in g h a m  p o t e n t i a l  was u s e d  t o  c a l c u l a t e  n o n - b o n d e d  i n t e r a c t i o n s  
and  a  m e th o d  w as d e v e l o p e d  f o r  o b t a i n i n g  t h e  c o n s t a n t s  i n  t h e  
p o t e n t i a l  f u n c t i o n  f o r  a n y  p a i r  o f  a to m s  b a s e d  o n  t h e  e x p e r i m e n t a l l y  
a v a i l a b l e  p a r a m e t e r s  f o r  t h e  i n e r t  g a s e s .  F o r  t h e  e x c h a n g e  i n t e r ­
a c t i o n s  t h e y  f o l l o w e d  t h e  t h e o r y  p r o p o s e d  b y  P a u l i n g  ( 9 9 »71)» A 
c o u lo m b ic .  t e r m  I n  i / r  ivas i n c l u d e d  i n  t h e  c a s e  of. f l u o r o - s u b s t i t u t e d  
e t h a n e s  t o  t a k e  i n t o  a c c o u n t  t h e  l a r g e  d i p o l e  a l o n g  C-F b o n d s ,  
a c c o r d i n g  t o  t h e  m e th o d  o f  M ason  and  K r e e v o y  (8 4 )*
T h e i r  e q u a t i o n  f o r  t h e  p o t e n t i a l  b a r r i e r  c o n t a i n e d  one a d j u s t a b l e  
p a r a m e t e r ,  Uq , w h ic h  t h e o r e t i c a l l y  ( 9 9 S71) s h o u ld  b e  a  c o n s t a n t  f o r  
a l l  m o le c u le s  w i t h i n  a  c e r t a i n  c l a s s ,  i . e .  - rC -c£ ,  J^C-Si—, £C -G e£ , e t c .  
An a v e r a g e  v a l u e  o f  Uq was o b t a i n e d  f o r  e a c h  c l a s s  f ro m  s e l e c t e d  
m icrow ave v a l u e s  o f  t h e  b a r r i e r  h e i g h t ,  AU, by  l e t t i n g  AU h av e  th e  
m icrow ave e x p e r i m e n t a l  v a l u e  and  s o l v i n g  f o r  Uq . I t  was fo u n d  t h a t  
was i n  f a c t  a p p r o x i m a t e l y  c o n s t a n t  w i t h i n  e a c h  c l a s s ,  t h u s  a l l o w i n g  
th e  a v e r a g e  v a l u e s  t o  be u s e d  to  c a l c u l a t e  AU f o r  a l l  m o l e c u le s  i n  
e a c h  c l a s s .  S a t i s f a c t o r y  a g re e m e n t  b e tw e e n  t h e  c a l c u l a t e d  an d  e x p e r i ­
m e n ta l  v a l u e s  o f  AU was o b t a i n e d  i n  m o s t  c a s e s .  A p r o m i s i n g  (9 8 )  
e x t e n s i o n  o f  t h i s  m ethod  t o  more c o m p l i c a t e d  m o l e c u le s  w i t h  more 
t h a n  one i n t e r n a l  d e g r e e  o f  f re e d o m  was b e i n g  p u r s u e d .
I n d e p e n d e n t l y ,  a  so m e w h a t  s i m i l a r  a p p r o a c h  v/as u s e d  b y  L i q u o r i
and  c o w o r k e r s  ( 1 0 0 ) .  I n  o r d e r  t o  e v a l u a t e  t h e  r e l a t i v e  i m p o r t a n c e  o f
n o n -b o n d e d  i n t e r a c t i o n s  and  th e  t o r s i o n a l  p o t e n t i a l * ,  t h e y  f i r s t l y
* The t o r s i o n a l  p o t e n t i a l  te r m  u s e d  was V (1 + c .o s  3 ^ ) / 2 ,  w h e r e  V v/as 
t a k e n  a s  2 . 7  k c a l / m o l e  f o r  a l l  t h e  com pou n ds t h e y  e x a m in e d ,  i . e .  o f  
t h e  c l a s s  ]pC-C3[, an d  ijr v/as t h e  a n g l e  o f  r o t a t i o n .  T h i s  t e r m  i s  o f  
t h e  sam e fo r m  a s  t h a t  u s e d  b y  H e n d r i c k s o n  ( 1 0 2 )  [ 1 , 4 0 ( 1  + c o s  3 W)] 
an d  o t h e r s  ( 1 0 3 , 6 5 , 6 6 ) t o  e s t i m a t e  " t o r s i o n a l  s t r a i n "  a n d  a l s o  b y  
S c o t t  and  S c h e r a g a  ( 9 8 ) [UQ(1 + c o s  3 C°)3  t o  e s t i m a t e  t h e  e x c h a n g e  
i n t e r a c t i o n s  o f  t h e  e l e c t r o n s  i n  a d j a c e n t  b o n d s .
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s u b m i t t e d  t h e  v a r i o u s  f u n c t i o n s  so  f a r  p r o p o s e d  to  d e s c r i b e  p a i r w i s e  
i n t e r a c t i o n s  b e tw e e n  n o n -b o n d e d  a tom s t o  an  i n d i r e c t  t e s t *  T h i s  t e s t  
c o n s i s t e d  o f  c a l c u l a t i n g  t h e  i n t e r m o l e c u l a r  p o t e n t i a l  a s  a  f u n c t i o n  
o f  d i s t a n c e  b e tw e e n  a  p a i r  o f  m e th a n e ,  c a rb o n  t e t r a f l u o r i d e  o r  c a r b o n  
t e t r a c h l o r i d e  m o l e c u le s  and  c o m p a r in g  t h e s e  w i t h  p o t e n t i a l s  o b t a i n e d  
from  e x p e r i m e n t a l  d a t a  (1 0 1 )*  T hese  l a t t e r  i n t e r m o l e c u l a r  p o t e n t i a l s  
had  b e e n  d e r i v e d  a s s u m in g  s p h e r i c a l  sym m etry  and  so  t h e  c a l c u l a t e d  
p o t e n t i a l s  w ere  d e r i v e d  c o n s i d e r i n g  a  s y s t e m a t i c  r a n g e  o f  o r i e n t a t i o n s  
o f  i n t e r a c t i n g  m o l e c u l a r  " m o d e ls 11. The n o n -b o n d e d  p o t e n t i a l s  g i v i n g  
t h e  b e s t  f i t  f o r  t h e  i n t e r m o l e c u l a r  p o t e n t i a l s  w ere  t h e n  u s e d  t o g e t h e r  
w i t h  t h e  t o r s i o n a l  p o t e n t i a l  te rm  t o  d e r i v e  t h e  i n t e r n a l  r o t a t i o n  
b a r r i e r s .  S a t i s f a c t o r y  a g re e m e n t  b e tw e e n  t h e  c a l c u l a t e d  a n d  t h e  
e x p e r i m e n t a l  h e i g h t s  r e s u l t e d .
The p r e s e n t  s i t u a t i o n  w i t h  r e g a r d  t o  i n t e r n a l  r o t a t i o n  b a r r i e r s  
t h u s  seem s t o  be  t h a t  t h e s e  b a r r i e r s  can  be s a t i s f a c t o r i l y  r e g a r d e d  
a s  r e s u l t i n g  e s s e n t i a l l y  f rom  Van d e r  W aals  i n t e r a c t i o n s  an d  e x c h a n g e  
i n t e r a c t i o n s  o f  e l e c t r o n s  i n  a d j a c e n t  b o n d s .
R a c e m is a t io n  o f  o p t i c a l l y  a c t i v e  b i p h e n y l s  ( 6 ? . 9^ b«9^-c .70)
T h e o r e t i c a l  c a l c u l a t i o n s  on t h e  r a c e m i s a t i o n  o f  2 , 2 *—d ib ro m o -  
4 - ,* f ' - d i c a r b o x y b ip h e n y l ,  by  W es th e im e r  an d  M ayer i n  19^-6 ( 6 7 )  p r e s e n t e d  
a  m e thod  w h ic h  h a s  b e e n  u s e d  w i t h  m in o r  m o d i f i c a t i o n s  by  s e v e r a l  
w o rk e r s  i n  a t t e m p t i n g  t o  c a l c u l a t e  t h e  e x a c t  s t r u c t u r e s  and  c o n fo rm ­
a t i o n a l  e n e r g i e s  o f  i n c r e a s i n g l y  com plex  m o l e c u l e s .  I t s  i n c l u s i o n  
h e r e  p r o v i d e s  a  u s e f u l  t r a n s i t i o n  f rom  th e  p r e v i o u s  s u b s e c t i o n  d e a l i n g  
w i t h  c o n f o r m a t io n s  o f  e t h a n e - t y p e  m o l e c u le s  t o  t h e  n e x t  s u b s e c t i o n  on 
c o n f o r m a t i o n a l  a n a l y s i s  o f  more co m p lex  m o l e c u l e s .
R a c e m is a t io n  o f  t h e  d i b r o m o - s u b s t i t u t e d  d i p h e n i c  a c i d  o c c u r s
t h r o u g h  t h e  p l a n a r  t r a n s i t i o n  s t a t e  I .  No b onds  a r e  b r o k e n  an d  
r e a c t i o n  i s  c o n t r o l l e d  by  s t e r i c  i n t e r a c t i o n s  ( 10A-).
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W es th e im e r  and  M ayer s e t  up an  e q u a t i o n  ( 2 .1 3 )  t h e  e n e r g y ,
E, o f  th e  m o le c u le  i n  t e rm s  o f  t h e  e n e r g y  due t o  b e n d in g  o f  bond  
a n g l e s  and  t h e  s t r e t c h i n g  o f  b o n d s ,  and  t h e  n o n -b o n d e d  p o t e n t i a l  
b e tw e e n  t h e  h y d ro g e n  and  b ro m in e  a to m s ,
i = i  0 n - 2  - d  /p
E ~  I -JK q 2 + 7  Ae n 2 .1 3
i =1 A n =1
w here  q^ i s  t h e  d i s p l a c e m e n t  o f  bond  a n g l e  o r  bond  l e n g t h  f ro m  t h e  
n o rm a l  v a l u e s  f o r  t h e  atom  p a i r  i ,  i s  t h e  c o r r e s p o n d i n g  f o r c e  
c o n s t a n t ,  e v a l u a t e d  from  s p e c t r o s c o p i c  d a t a ,  A and  p a r e  c o n s t a n t s  
fo u n d  by  f i t t i n g  t h e  e x p o n e n t i a l  f u n c t i o n  t o  t h e  m ost a c c e p t a b l e  
c u rv e  f o r  h y d ro g e n /b ro m in e  n o n -b o n d e d  i n t e r a c t i o n ,  and  d^ i s  t h e  
h y d ro g e n  to  b ro m in e  d i s t a n c e .  E q u a t io n s  were. d e r i v e d  r e l a t i n g  t h e  
h y d ro g e n  to  b ro m in e  d i s t a n c e s  t o  ( s m a l l )  c h a n g e s  i n  bond  l e n g t h s  and  
bond a n g l e s .
The m ethod  r e l i e d  upon  t h e  m i n im s a t io n  o f  t h e  e n e r g y ,  E , by  
c h a n g in g  t h e  v a r i a b l e s  i n  e q u a t i o n  2 . 1 3 *
They c a l c u l a t e d  a  v a l u e  f o r  t h e  a c t i v a t i o n  e n e rg y  xtfhich was i n  
good a g re e m e n t  w i t h  t h e  e x p e r i m e n t a l  v a l u e ,  and  t h e  r e s u l t s  i n d i c a t e d  
t h a t  t h e  bond b e n d in g  a c c o u n te d  f o r  more t h a n  h a l f  t h e  a c t i v a t i o n
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e n e r g y ,  n o n -b o n d e d  i n t e r a c t i o n s  a b o u t  a  t h i r d ,  and  bond  s t r e t c h i n g  
t h e  r e m a i n d e r ,
5m The a p p r o a c h  t o  c o n f o r m a t i o n a l  a n a l y s i s  i n  i n c r e a s i n g l y  com plex
m o le c u le s
Two s i g n i f i c a n t  d e v e lo p m e n ts  i n  t h e  c a l c u l a t i o n  m e thod  o f  
W es th e im e r  ( 6 7 , 9^ b , 9^-c, 70) v/ere i n t r o d u c e d  by H e n d r ic k s o n  ( 1 0 2 ) and  
by  W iberg  ( 1 0 3 ) i n  s u c c e s s i v e l y  a d a p t i n g  t h e  m ethod  t o  c o m p u t a t i o n a l  
a n a l y t i c a l  t e c h n i q u e s .  U s in g  t h e i r  m e th o d s  t h e y  w ere  a b l e  t o  make 
c a l c u l a t i o n s  o f  e n e r g i e s  i n  c y c l o a l k a n e s  w i t h  a  good d e g r e e  o f  a g r e e ­
m ent w i t h  e x p e r i m e n t a l  v a l u e s  when t h e s e  v/ere a v a i l a b l e ,  W iberg  gave  
r e a s o n s  f o r  n o t  c o n s i d e r i n g  Van d e r  W aals i n t e r a c t i o n s  b e tw e e n  a tom s 
bound to  common a to m s ,  t h e s e  b e i n g  e s s e n t i a l l y  t h a t  s u c h  i n t e r a c t i o n s  
a r e  a l r e a d y  a c c o u n te d  f o r  i n  te rm s  o f  t h e  n a t u r a l  a n g l e  an d  t h e  
b e n d in g  c o n s t a n t .
U s in g  t h e  " W e s th e im e r -H e n d r ic k s o n -W ib e rg 11 m e th o d ,  A l l i n g e r  and 
c o w o rk e rs  ( 6 5 , 6 6 ) s e t  o u t  t o  do c a l c u l a t i o n s  o f  t h e  s t r u c t u r e s  and  
e n e r g i e s  o f  h y d r o c a r b o n s  w i t h  t h e  l o n g - t e r m  o b j e c t i v e  o f  a c h i e v i n g  
an  a c c u r a c y  i n  p r e d i c t i o n  • o f  0 , 0 1  £  f o r  bond  l e n g t h s ,  0 , 5 °  f o r  b o n d  
a n g l e s  and  0 , 2  k c a l  m ole f o r  r e l a t i v e  e n e r g i e s .  I t  was c l e a r  t h a t  
i f  t h i s  was to  be  a c h i e v e d  t h e n  t h e  s e t t i n g  up o f  s a t i s f a c t o r y  n o n -  
bonded  p o t e n t i a l  f u n c t i o n s  was e s s e n t i a l .
A l l i n g e r  and  c o w o rk e rs  u s e d  j u s t  one f u n c t i o n  (1 0 5 )  ( e q u a t i o n  
2 , 1^-) c o n t a i n i n g  two p a r a m e t e r s  t o  be  d e t e r m in e d  f o r  e a c h  a to m ;
Ev = 8 , 2 8 e e ( ~r / ° , l2 f7 2 r* ) -  2 , 2 5 e ( 2 r * / r ) 6 2 . 1*f
R*, t h e  Van d e r  W aals  r a d i u s ,  a n d ,  e ,  an  e n e r g y  p a r a m e t e r  w h ich
\
m e a s u re s  t h e  d e p t h  o f  t h e  Van d e r  W aals minimum o f  e n e r g y .  As a  
s t a r t  t h e y  c h o se  t o  u s e  t h e  v a l u e s  o f  t h e s e  p a r a m e t e r s  f o r  h y d ro g e n  
s u g g e s t e d  by H i l l ,  and  f o r  c a rb o n  th e y  d e t e r m in e d  t h e  p a r a m e t e r s  i n  a  
r o u n d a b o u t  way b a s e d  on H i l l ' s  m ethod  ( 1 0 6 ) an d  p e r fo rm e d  some 
c a l c u l a t i o n s  t o  t e s t  t h e i r  s u i t a b i l i t y .
The c r y s t a l  s t r u c t u r e  o f  p a r a f f i n  h y d r o c a r b o n s  i s  known f a i r l y  
a c c u r a t e l y  f rom  X - ra y  c r y s t a l l o g r a p h i c  w ork , and  th e  h e a t  o f  s u b l i m ­
a t i o n  o f  a  p a r a f f i n  c r y s t a l  can  be c a l c u l a t e d  f rom  a v a i l a b l e  th e rm o ­
dynam ic d a t a  ( 6 5 , 6 6 ) ,  The l a t t i c e  f o r c e s  w h ich  d e t e r m in e  t h e  c r y s t a l  
s p a c i n g s  and  e n e r g y  a r e  t h e  Van d e r  W aals  p a r a m e t e r s  m e n t io n e d  above  
and  p a c k i n g  m o le c u le s  t o g e t h e r  a s  p a r a l l e l  c h a i n s ,  a s  t h e y  a r e  known 
to  be i n  t h e  c r y s t a l ,  A l l i n g e r  and  c o w o rk e r s  c a l c u l a t e d  w h a t  t h e  
s e p a r a t i o n  b e tw e e n  c h a i n s  w ou ld  be  i n  t h e  n -h e x a n e  c r y s t a l  ( 107,) a t  
t h e  minimum o f  e n e r g y ,  and  w hat t h e  h e a t  o f  s u b l i m a t i o n  o f  t h e  h ex a n e  
c r y s t a l  w ou ld  b e  f o r  t h a t  c r y s t a l  s p a c i n g .
T h e i r  c a l c u l a t i o n s  o f  t h e  c r y s t a l  s p a c i n g s  w ere  to o  s m a l l  by  8$  
and t h e  h e a t  o f  s u b l i m a t i o n  was to o  l a r g e  by  3^/= ( 6 5 ) a l t h o u g h  
p r o b a b l y  n e a r e r  10$ ( 6 6 ) .  S in c e  t h e  p a r a m e t e r s  o f  h y d ro g e n  p l a y  a  
d o m in an t p a r t  i n  d e t e r m i n i n g  t h e  c a l c u l a t e d  v a l u e s ,  a  l a r g e r  Van d e r  
W aals r a d i u s  o r  a  l a r g e  v a l u e  o f  e was n e c e s s a r y  f o r  c l o s e r  a g r e e m e n t .
C a l c u l a t i o n  o f  t h e  c o n f o r m a t i o n a l  e n e rg y  o f  a  m e th y l  g ro u p  a x i a l
—1on a  c y c lo h e x a n e  r i n g  g av e  a  v a l u e  o f  0 , 0  k c a l  m ole  com pared  w i t h
— 1t h e  e x p e r i m e n t a l  v a l u e  o f  19 + 0*2 k c a l  m ole . I t  was shown t h a t  an  
a d j u s t m e n t  o f  c o u ld  n o t  r e c t i f y  t h i s  anom aly  and  an  a p p r e c i a b l y  
l a r g e r  rA was c a l l e d  f o r .ii
I n  e s s e n c e ,  t h e  m ethod c o n t i n u e d  by v a r i a t i o n  o f  p a r a m e t e r s  r * ,  
eH* r C and  e C and  c a i cu i a t i ° n o f  v a l u e s  t h a t  c o u l d  be c h e c k e d  a g a i n s t  
e x p e r i m e n t a l  v a l u e s ,  and  th e  s u b s e q u e n t  a d j u s t m e n t  t o  o b t a i n  a g r e e m e n t .
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T h e i r  r e s u l t s  show a  c o n s i d e r a b l e  d e g re e  o f  s u c c e s s  and  some 
i n t e r e s t i n g  s t r u c t u r a l  c o r r e l a t i o n s  b e tw e e n  c a l c u l a t e d  and  e x p e r i ­
m e n ta l  s t r u c t u r e  a r e  o b t a i n e d .
S t e r i c  e f f e c t s  i n  t h e  S^2 m echanism  ( 6 8 , 6 9 )
As p a r t  o f  t h e i r  s t u d y  o f  n u c l e o p h i l i c  s u b s t i t u t i o n ,  I n g o l d  and  
co w o rk e rs  have  p u b l i s h e d  two p a p e r s  on t h e  c a l c u l a t i o n  o f  t h e  m a g n i­
tu d e  o f  s t e r i c  e f f e c t s  ( 6 8 , 6 9 ) and  t h e s e  a r e  d e a l t  w i t h  s u c c e s s i v e l y  
i n  t h i s  s u b s e c t i o n .
To a l l e v i a t e  t h e  n e c e s s i t y  f o r  e x a c t  c a l c u l a t i o n s  o f  s t e r i c  
e f f e c t s  i n  t h e  3^2 m echanism  th e y  c h o s e  to  e x p l a i n  n o t  an  a v e r a g e  o f  
t y p i c a l  c a s e  b u t  an  e x t re m e  c a s e  o f  s t e r i c  h i n d r a n c e ,  nam ely  t h e  
i n a c t i v i t y  o f  n e o - p e n t y l  h a l i d e s  to w a rd s  p o w e r f u l l y  n u c l e o p h i l i c  
s u b s t i t u t i n g  a g e n t s ;  t h e  r a t e  o f  s u b s t i t u t i o n s  a t  n e o - p e n t y l  a r e
A 610 to  10 s m a l l e r  t h a n  a t  o t h e r  p r im a r y  a l k y l s .  S e m i - q u a n t i t a t i v e  
c a l c u l a t i o n s  w ere  d i r e c t e d  to w a rd s  t h e  s y m m e t r i c a l  s u b s t i t u t i o n s  
( 108- 1 1 1 ) o f  t h e  ty p e  2 . 1 5 * a l t h o u g h  i t  was d e m o n s t r a t e d  t h a t  t h e
same p r i n c i p l e  a p p l i e d  t o  o t h e r  a l k y l  compounds and  n u c l e o p h i l i c  a g e n t s .
F o r  t h e i r  m odel o f  t h e  i n i t i a l  s t a t e  o f  t h e  a l k y l  compound t h e y  
assum ed  bond  l e n g t h s  c o r r e s p o n d i n g  t o  t h e  summed c o v a l e n t  r a d i i  and  
c a r b o n  bond a n g l e s  e q u a l  t o  t h e  t e t r a h e d r a l  a n g l e .  A l l  s i n g l e - b o n d s  
w ere  assum ed  to  be w i t h o u t  any  i n t e r n a l  r e s i s t a n c e  t o  t o r s i o n a l  
m ovem ent.
They c h o se  t h e  fu n d a m e n ta l*  m odel f o r  t h e  t r a n s i t i o n  s t a t e  shown 
* t h a t  i s  n e g l e c t i n g  d i s t o r t i o n s  w h ich  m ig h t  a r i s e  f ro m  s t e r i c  h i n d r a n c e .
Br ( - ) + R-Br 2 .1 5
i n  f i g u r e  2 . 1 .  A l l  o t h e r  b o n d s  and  a n g l e s  i n  t h e  a l k y l  p a r t  w ere  
u n ch an g e d  and  no r e s i s t a n c e  to  t o r s i o n a l  movement a b o u t  s i n g l e  ( o r  
p a r t i a l )  bo n d s  was i n c l u d e d .  The l e n g t h s  o f  t h e  p a r t i a l ,  an d  p a r t i a l l y  
i o n i c ,  b onds  Y-C and  CL-X r e q u i r e d  s p e c i a l  e s t i m a t i o n .  As a nCO Oj
a r b i t r a r y  ( i n i t i a l )  a p p r o x im a t i o n  t h e y  u s e d  t h e  sum o f  t h e  c o v a l e n t  
r a d i u s  o f  c a rb o n  and  t h e  mean o f  t h e  c o v a l e n t  an d  n e g a t i v e  i o n i c  
r a d i i  o f  X o r  Y.
The an d  a tom s a r e  t h u s  f i x e d  by th e  b o n d in g  c o n s i d e r a t i o n  
b u t  t h e  |3H and  yC a r e  a b l e  to  move a b o u t  t h e  Ca -Cp a x i s ,  ( s e e  f i g u r e  
2 . 2 ) ,  t h e i r  p o s i t i o n s  b e i n g  d e t e r m in e d  by  t h e  n o n -b o n d e d  f o r c e s .
They r e g a r d e d  c o v a l e n t l y  bound a tom s a s  p o s s e s s i n g  non s p h e r i c a l  
Van d e r  W aals  s h e l l s  i n  t h e  way d e p i c t e d  by  P a u l i n g  (7 1 b )  an d  a p p l i e d  
a  c o r r e c t i n g  f a c t o r  t o  s h o r t e n  t h e  e f f e c t i v e  Van d e r  W aals  r a d i u s  i n  
t h e  d i r e c t i o n  o f  t h e  bond :
e f f e c t i v e  Van d e r  W aals r a d i u s ,  and  Q i s  t h e  ( s m a l l e s t )  a n g u l a r  
s e p a r a t i o n  f rom  a  c o v a l e n c y .
A s i m i l a r  c o r r e c t i o n  was made f o r  t h e  p a r t i a l l y  i o n i c  h a l o g e n  
a t o m s :
2 .1 6
w here  pmax i s  t h e  m axim al ( o r  n o rm a l)  Van d e r  W aals r a d i u s ,  Pg i s  t h emax
P io n  "  Pe = 0 , 2 ( 1  + c o s  20 ) 2 . 1 7
w here  p. i s  t h e  i o n i c  r a d i u s .  V a lu e s  o f  p r i o n  r
g iv e n  i n  T a b le  2 . 1 .
max and  p. u s e d  a r e  i o n
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Figure 2#1# Fundamental model adopted by Xngold and coworkers (68)
i l lu s tr a t in g  th ertert-b u ty l tra n sitio n  state#
• \  , ■
120 H)120
^ 1 2 0  \  00
X
120
Figure 2 .2 , Models showing the freedom of ro ta tion  about the
ax is and i l lu s tr a t in g  a) the iso -b u ty l and b) the neo-pentyl tr a n s it io n
s ta te s .
T a b le  2 .1
A tom ic d im e n s io n s  (&) u s e d  ( 6 8 ) i n  e v a l u a t i o n  o f  s t e r i c  e f f e c t s  i n
b i m o l e c u l a r  s u b s t i t u t i o n s  o f  a l k y l h a l i d e s
H G Cl. B r I
c o v a l e n t  r a d i u s (p ) 0 . 3 2^  cov 0 .7 7  0 . 9 9 1 . 1A 1 .3 5
u n i v a l e n t  i o n i c ( c r y s t a l )  r a d i u s  (p .  ) -i o n 1 . 8-1 1 .9 5 2 . 1 6
m axim al Van d e r W aals r a d i u s  ( p ) 1 .2  r max 1 . 6  1 . 8 1 .9 5 2 .1 3
U s in g  t h e s e  m o d e ls  t h e y  c a l c u l a t e d  t h e  d i s t a n c e s  b e tw e e n  a tom s 
and  t h e  c o r r e s p o n d i n g  n o n -b o n d e d  t o u c h i n g  d i s t a n c e s ,  and  o b t a i n e d  
t h e  c o m p re s s io n  f o r  e a c h  p a i r  o f  a to m s ,  t h a t  i s  t h e  n u m e r i c a l  e x t e n t  
t o  w h ich  m odel d i s t a n c e s  a r e  s h o r t e r  t h a n  t h e  c o r r e s p o n d i n g  n o n -  
bonded  t o u c h i n g  d i s t a n c e s .  Summing t h e  c o m p re s s io n s  f o r  e a c h  i n i t i a l  
a l k y l  compound and  e a c h  t r a n s i t i o n  s t a t e  t h e y  fo u n d  t h a t  t h e r e  w ere  
no s i g n i f i c a n t  c o m p re s s io n s  i n  t h e  i n i t i a l  s t a t e  and  a t t e n t i o n  was 
t h u s  r e s t r i c t e d  t o  t h e  c o m p a r is o n  o f  t r a n s i t i o n  s t a t e  c o m p r e s s i o n s .
I n  t h i s  s im p le  t r e a tm e n t ,  t h e  n e o - p e n t y l  c a s e  showed a  much h i g h e r  
c o m p re s s io n  th a n  any  o f  t h e  o t h e r  a l k y l s  i n d i c a t i n g  t h a t  t h e  m e thod  
w ould  be c a p a b le  o f  e x p l a i n i n g  th e  s t e r i c  r e t a r d a t i o n  e f f e c t  i n  t h e  
s u b s t i t u t i o n  r e a c t i o n  o f  n e o - p e n t y l  com pounds.
The n e x t  s t e p  i n  t h e i r  t r e a t m e n t  was t h e  c a l c u l a t i o n  o f  t h e  
e n e rg y  o f  c o m p re s s io n  f ro m  t h e  c o n t r i b u t i o n s  by n o n -b o n d e d  f o r c e s  
and  by  b o n d in g  f o r c e s .  The b a s i s  f o r  t h e  c a l c u l a t i o n  o f  c o n t r i b u t i o n s  
f o r  e a c h  o f  t h e s e  i s  g i v e n  be lo iv .  
a )  N on-bonded  f o r c e s
The e n e rg y  o f  i n t e r a c t i o n  o f  e i t h e r  o f  t h e  b ro m in e  a to m s  o f  
a  t r a n s i t i o n  s t a t e  w i t h  any  c a rb o n  o r  h y d ro g e n  a to m s ,  e x c e p t i n g  C ,
CO
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was taken as the sum of three contrib utions, of which the f i r s t  two 
\  and %  are n egative, and the th ird  p o s it iv e ;  the superscrip t
p re fers to  a particu lar  pair of atoms:
PW a. PWE + PWD + PWj 2 .1 8
where PW£ i s  the e le c tr o s ta t ic  energy, for which they used the induced 
dipole energy term, i s  the d ispersion  energy for which they made 
use of London's formula, and PW^ i s  the in terp en etration  energy for  
which they used an exponential term* Their function  for  a carbon/ 
bromine in tera ctio n  i s  given in  figu re  2 *3 *
VW, kg ca ls
3 .0
C — - B r  s e p a r a t i o n ,  2
2.2
f ig u re  2*3* Energy function  for carbon/bromine in tera c tio n  used by
Ingold e t  a l  (68 )*
Since they were ignoring the e f fe c t  of the i n i t i a l  s ta te  they  
reasonably ignored the small non-bonded a ttr a c tiv e  forces between 
atoms and so the energies of in tera c tio n  PW were corrected 'to  zero 
at the touching d istan ces given by 2 *19*
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P¥« = %  - pw(prt) 2*19
F o r  t h e  e n e r g y  o f  c o m p re s s io n  a r i s i n g  from  n o n -b o n d e d  c o n t r i b u t ­
i o n s  PW! a l o n e  t h e y  c a l c u l a t e d  " t h e  f i r s t  u p p e r  l i m i t  t o  c o n t r i b u t i o n s  
o f  s te r . i c -  h i n d r a n c e  t o  t h e  a c t i v a t i o n  e n e r g i e s  o f  b ro m in e  e x c h a n g e  
a s s u m in g  r i g i d  b o n d in g  f o r c e s " .  The m odel u s e d  i s  r e f e r r e d  t o  a s  
" s t i f f " .
b ).; B o n d in  g f  0 r  c e s
To o b t a i n  a  b e t t e h  e s t i m a t e  o f  t h e  s t e r i c  e n e r g y ,  t h e  g e o m e try  
o f  t h e  t r a n s i t i o n  s t a t e  had t o  be a l t e r e d  so  t h a t  t h e  sum o f  t h e  
n o n -b o n d in g  and  b o n d in g  e n e rg y  was a  minimum*
F o r  s i m p l i c i t y  t h e y  c o n c e n t r a t e d  o n ly  on c h a n g e s  i n  t h e  w e a k e s t  
bonds  i n  t h e  t r a n s i t i o n  s t a t e ,  t h a t  i s  t h e  p a r t i a l  b o n d s  b e tw e e n  t h e  
and  h a l i d e  a to m s .  At t h e  s t a g e  o f  d e v e lo p m e n t  i n  t h e i r  f i r s t  
p a p e r  ( 6 8 ) t h e y  c o u ld  d e a l  o n ly  w i t h  c h a n g e s  i n  t h e s e  bond  l e n g t h s ,  
c h a n g e s  i n  t h e  BrC^Br a n g l e  b e i n g  l e f t  u n t i l  a  l a t e r  d a t e  ( 6 9 )#
The c a l c u l a t i o n  o f  t h e  bond  e x t e n s i o n ,  x ,  h in g e d  on two e n e r g y  
te rm s  w h ich  w ere  t r e a t e d  a s  bond l e n g t h ,  r ,  d e p e n d e n t ;  t h e  e n e r g y  
r e q u i r e d  t o  p r e s s  t h e  b ro m in e  i o n  t o  a  d i s t a n c e  r  f rom  t h e  C ^ a n d
t h e  e n e rg y  r e q u i r e d  t o  s t r e t c h  t h e  C -B r  bond to  a  l e n g t h  r .CJ
T h ese  w ere  t r e a t e d  a s  two tw o -a to m  p r o b le m s .  The f i r s t  was 
r e p r e s e n t e d  i n  t h r e e  t e r m s ,  an  in d u c e d  d i p o l e  e n e r g y  te rm ,  a  d i s p e r ­
s i o n  te rm  and  an  e l e c t r o n i c  i n t e r p e n e t r a t i o n  te rm ,  u s i n g  p a r a m e t e r s  
from  a  number o f  s o u r c e s .  To: t h e  s e c o n d  was a p p l i e d  M o rse* s  f o r m u l a ,  
( s e e  p ag e  5*0 m e th y l  b ro m id e  (m e th y l  b e i n g  c o n s i d e r e d  a s  one p a r t i c l e )  
b e i n g  u s e d  a s  a  s o u r c e  o f  p a r a m e t e r s .
The two r  d e p e n d e n t  c o n t r i b u t i o n s  w ere  summed and  t h e  v a l u e  o f  
r  a t  t h e  minimum o f  t h i s  f u n c t i o n  was o b t a i n e d .  T h i s  v a l u e  o f  r  d i d
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not quite equal the C-Br distance in  the methyl tra n s it io n  s ta te  and > 
the function was adjusted to achieve th is ,  allow ing i t s  ap p lica tion '
to the other tra n sitio n  s ta te s .
I
Thus the function  represented the p o ten tia l energy due to the 
bonding contributions and was expressed graphically  with the energy 
minimum as the o r ig in . For each tra n s it io n  s ta te  a graph of non- 
bonded energy versus Ca.. .B r  separation was p lo tted , the i n i t i a l l y  
assigned Ca#..B r separation being noted. A graphical add ition  of 
the non-bonded and bonded energy contributions could then be made, 
the minimum of the la t t e r  corresponding to the i n i t i a l l y  assigned
Br separation, as i l lu s tr a te d  in  figu re  2.4-o .
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Figure 2.*f* The graphical summation of the non-bonded and bonding 
energy contributions for  the t-b u ty l tra n s it io n  s ta te ,  showing the 
Ca«..B r bond extension , x , r esu ltin g  from the in c lu sio n  of the l a t t e r .
The minimum of the resulting curve had coordinates of the Ca ..,Br
d i s t a n c e  i n  t h e  t r a n s i t i o n  s t a t e  and  t h e  s t e r i c  c o n t r i b u t i o n  t o  t h e
a c t i v a t i o n  e n e r g y .  The r e s u l t s  w ere  o n ly  s t r i c t l y  v a l i d  f o r  t h e
l i n e a r  t r a n s i t i o n  s t a t e s ,  i . e .  f o r  Me, Bu^ and  P e 1100 c a s e s ,  s i n c e  no
b e n d in g  b u t  o n ly  s t r e t c h i n g  o f  bonds  was i n c l u d e d ,  and  t h e  m odel h e r e
i s  r e f e r r e d  t o  a s  " e l a s t i c " .  I n  a  l a t e r  p a p e r  ( 6 9 ) n o n - l i n e a r
t r a n s i t i o n  s t a t e s  w ere c o n s i d e r e d :
I n  t h i s  s e c o n d  p a p e r  ( 6 9 ) I n g o l d  and  c o w o rk e rs  show ed t h a t  t h e r e
was l i t t l e  t o  be g a i n e d  from  m ak ing  c h a n g e s  i n  an y  o f  t h e  p r e v i o u s
a s s u m p t io n s  e x c e p t  t h e  change  w h ich  i n v o l v e d  g o in g  c o m p l e t e l y  f rom
th e  " s t i f f "  m odel t o  t h e  " p l a s t i c "  m o d e l ,  t h i s  l a t t e r  b e i n g  t h e  one
t h a t  i n c o r p o r a t e s  BrCM3r b e n d in g .
They l o c a t e d  t h e  p o s i t i o n  o f  t h e  h a lo g e n  atom s i n  t h e  t r a n s i t i o n
s t a t e  (a n d  h en ce  c a l c u l a t e d  th e  BrC Br a n g l e )  i n  a  two s t e p  p r o c e s s :
cl
C o n s id e r i n g  o n ly  t h e  r e s u l t a n t  n o n -b o n d in g  f o r c e  on  a  b ro m in e  atom
th e y  c o n s t r u c t e d  i t s  (n re s u m a b ly  l i n e a r )  p a t h  o f  minimum p o t e n t i a l
\ /
e n e rg y  on th e  p l a n e  p a r a l l e l  t o  t h e  C ( a l k y l )  p l a n e  and  p a s s i n gja
th r o u g h  t h e  b ro m in e  p o s i t i o n  fo u n d  i n  t h e  f i r s t  p a p e r .  They t h e n  
c o n s i d e r e d  p o s i t i o n s  o f  t h e  b ro m in e  atom  i n  t h e  p l a n e  t h r o u g h  t h i s  
p a t h  and  t h e  C a to m . I n c l u d i n g  th e n  a  bond b e n d in g  c o n t r i b u t i o nCu
( f o r c e  c o n s t a n t s  b e i n g  t a k e n  from  r e f e r e n c e s  112  and  1 1 3 ) i u  t h e i r  
c a l c u l a t i o n s  t h e y  l o c a t e d  t h e  p o s i t i o n s  o f  t h e  b ro m in e  a to m s  i n  a  
m anner a n a lo g o u s  t o  t h a t  i n  t h e  f i r s t  p a p e r ,  a l t h o u g h  t h e  BrCgBr 
a n g l e  a s  vie 11  a s  t h e  bond  e x t e n s i o n  h ad  t o  be t a k e n  i n t o  a c c o u n t  i n  
t h e  m i n i m i s a t i o n  o f  t o t a l  e n e r g y .  S in c e  t h e  i n i t i a l  s t a t e s  f o r  t h e  
i n v e s t i g a t e d  s y s te m s  and  a l s o  t h e  m e th y l  t r a n s i t i o n  s t a t e  show 
e s s e n t i a l l y  a  z e r o  e n e rg y  o f  s t e r i c  r e t a r d a t i o n  t h e  c a l c u l a t e d  e n e r g y  
o f  s t e r i c  r e t a r d a t i o n  f o r  any  one c a s e  s h o u ld  be e q u i v a l e n t  t o  t h e
d i f f e r e n c e  b e tw e e n  t h e  e x p e r i m e n t a l  e n e r g i e s ,  AEa , f o r  t h i s  c a s e  and  
t h e  m e th y l  c a s e .  The e n e r g i e s  o f  s t e r i c  r e t a r d a t i o n  c a l c u l a t e d  f o r  
t h e  ’’s t i f f ” , ’’e l a s t i c ” and  ’’p l a s t i c ” m o d e ls  t o g e t h e r  w i t h  t h e  
e x p e r i m e n t a l  a c t i v a t i o n  e n e rg y  d i f f e r e n c e s  f o r  r e a c t i o n  2 . 1 5  a r e  
g iv e n  i n  T a b le  2 . 2 .
T a b le  2 .2
C a l c u l a t e d  e n e r g i e s  o f  s t e r i c  r e t a r d a t i o n  and  c o m p a r a t iv e  e x p e r i m e n t a l
•*1a c t i v a t i o n  e n e r g i e s  ( k c a l  m ole ) f o r  r e a c t i o n  2 . 1 5
R: lie E t
_ i  P r But -n nP r Bu1 -n n e °Pe
l-.rs t
"s 0 0 . 9 1*9 2 . 8 0 . 9 2 . 8 1 3 .9
We ls 0 - 1 . 8 2*3 ~ - 1 2 .9
Wp ls 0 0 . 8 1 . 6 2 . 5 0 . 8 2 . 3 7 . 3
aea
0 1 .7 3*9 6 . 0 1 .7 3 .1 6 . 2
C om parison  b e tw e e n  t h e  e x p e r i m e n t a l  v a l u e s  and  t h e  more e x a c t
v a l u e s  o f  s t e r i c  c o n t r i b u t i o n s  from  t h e  ’’p l a s t i c ” m ode l shows c e r t a i n
d i f f e r e n c e s .  I t  was s u g g e s t e d  t h a t  t h i s  was due t o  c o n t r i b u t i o n s
from  p o l a r  e f f e c t s  and  by t a k i n g  t h e  p o l a r  e f f e c t  o f  an  a l k y l  g ro u p
-1a l p h a  to  t h e  s u b s t i t u t e d  c a rb o n  atom  a s  1 k c a l  m ole t h e y  o b t a i n e d  
much c l o s e r  a g re e m e n t  b e tw e e n  th e  c a l c u l a t e d  and  e x p e r i m e n t a l  
a c t i v a t i o n  e n e r g i e s  a s  shown i n  T a b le  2 .5 *
A lso  i n  t h i s  p a p e r  t h e y  c a l c u l a t e d  on t h e o r e t i c a l  g r o u n d s  t h e  
f r e q u e n c y  f a c t o r s  r e l a t i v e  t o  m e th y l  and  t h e s e  t o o  showed good 
a g re e m e n t  w i t h  t h e  r e l a t i v e  e x p e r i m e n t a l  r e s u l t s .
F i n a l l y  t h e y  c a l c u l a t e d  t h e  r e l a t i v e  r a t e s  o f  s u b s t i t u t i o n  f rom  
t h e i r  two s e t s  o f  d e r i v e d  d a t a  and  t h e s e  showed a  s u b s t a n t i a l l y  c l o s e  
a g re e m e n t  w i th  t h e  e x p e r i m e n t a l  v a l u e s  o v e r  a  w ide  r a n g e  o f  r a t e s  a s
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i s  s e e n  i n  T a b le  2 . ^ .  T h i s  a g re e m e n t  s u g g e s t s  t h a t  t h e  m ode l t h e y  
to o k  f o r  t h e  s t e r i c  c a 3 . c u l a t i o n s  was a  good one*
T a b le  2 . 5
C om parison  o f  c a l c u l a t e d  and  o b s e r v e d  e f f e c t s  o f  a l k y l  s t r u c t u r e  on
e n e r g i e s  o f  a c t i v a t i o n  ( k c a l  mol e -1 ) f o r  r e a c t i o n  2*15
R: Me E t •n iP r •q t  Bu pr n _ i  ^  neo  Bu Pe
is 
I 
<i 0 0 . 8 1 .6 2 .5 0 . 8 2 . 3  7 . 3
AW
P
0 1 2 3 1 1 1
A E ^ (c a lc ) 0 1 .8 3 . 8 5 . 5 1 .8 3 . 3  8 . 3
AE (o b s ) 0 1 .7 3 . 9 6 .0 1 .7 3 . 1  6 . 2
d i f f e r e n c e  0 +0.1 •0 .3 - 0 . 5 +0 .1 +0 . 2  +2 .1
T a b le 2 A
C om parison o f  obs e r v e d and c a l c u l a t e d  e f f e c t s  o f  a l k y l  s t r u c t u r e  on
th e r e l a t i v e  r a t e s  o f r e a c t i o n 2 .1 5  a t  25° C i n  s o l v e n t  a c e t o n e
R: Me. E t P r 1 ■a *Bu P r 11 Bu1 neoPe
obs 1 0*013 0 . 0 001 -^ 0 . 0 0 0 0 3 9  0 . 0 0 8 5 0 .0 0 0 4 4 0 . 0 0 0 0 0 0 2 0
c a l c ■1 0 .0 1 7 0 .0 0 0 3 5 0 .0 0 0 0 5 3  0 .0 0 9 0 0 . 0 0 0 3 5 0 .0 0 0 0 0 0 0 3 7
7* S t e r i c .  e f f e c t s  i n  t h e  S„2 m echan ism  (1 5 ) ■" k
Hughes and V o lg e r  (1 5 )  su m m a rised  t h e  d a t a  on t h e  o n e - a l k y l .  
m e rc u ry  ex ch an g e  r e a c t i o n s  i n  s o l v e n t  e t h a n o l  by  th e  s e q u e n c e  2 *2 0 .
Me( 100 )  > E t(*f2) > P en e ° ( 3 3 )  > Bua ( 6 ) 2*20
They s u g g e s t e d  t h a t  t h i s  s e q u e n c e  shows t h a t  p r im a r y  a l k y l  g r o u p s
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i n c l u d i n g  n e o - p e n t y l ,  c an  e x e r t  o n ly  a  s l i g h t  s t e r i c  e f f e c t ,  w h i l s t  t h e  
s e c o n d a r y  g ro u p  seem s t o  e x e r t  a  m o d e ra te  o n e .  T h a t  t h i s  i s  t h e  k i n d  o f  
p a t t e r n  o f  s t e r i c  e f f e c t s  t o  be e x p e c t e d  f rom  t h e  m odel o f  a  c o n f i g u r a t i o n  
r e t a i n i n g  t r a n s i t i o n  s t a t e  t h e y  showed i n  t h e  f o l l o w i n g  way: F i g u r e  
2 . 5 &» b and  c shows t h e i r  p r o p o s a l s  f o r  t h e  e t h y l ,  n e o - p e n t y l  an d  i s o ­
p r o p y l  ( i n  p l a c e  o f  s e c o n d a r y  b u t y l ) ,  t r a n s i t i o n  s t a t e s  an d  t h e  m e t h y l /  
m e rc u ry  co m p re ss  i o n s  c a l c u l a t e d  on t h e  b a s i s  o f  a  Van d e r  W aals  t o u c h ­
i n g  d i s t a n c e  o f  3*35 °  f o r  t h i s  a tom  p a i r ,  a r e  g iv e n  u n d e r n e a t h .  From 
t h e i r  e x p e r i e n c e  o f  c a l c u l a t i n g  c o m p re s s io n  e n e r g i e s  Hughes and  
V o lg e r  e s t i m a t e  t h a t  f o r  c o m p re s s io n s  o f  0 , 3  and  0 . 7  & t h e s e  w ou ld  be 
o f  t h e  o r d e r  o f  0 ,1  and  1 k c a l  m ole • I t  was t h e i r  c o n t e n t i o n  t h a t  
t h e s e  e n e r g i e s  a r e  c o n s i s t e n t  w i t h  t h e  s u g g e s t e d  s t e r i c  p a t t e r n .
F i g u r e  2 .5 *  T r a n s i t i o n  s t a t e  m o d e ls  p r o p o s e d  by Hughes an d  V o lg e r  
and  t h e  c o r r e s p o n d i n g  m e th y l /m e r c u r y  c o m p re s s io n s .
A lso  by a  c o m p a r is o n  o f  t h e  r a t e  c o n s t a n t  t h e y  show ed t h a t  on 
c h a n g in g  f rom  m e th y l  t o  n e o - p e n t y l  a s  t h e  a l k y l  g ro u p ,  t h e  S „ 2 (o p e n )lb
r a t e  o f  ex ch a n g e  i s  c u t  down by  a  f a c t o r  o f  3 * an d  t h e  S--,2 ( c y c l i c )  
r a t e s  u n d e r  o n e - a n i o n  and  tw o - a n io n  c a t a l y s i s  a r e  r e d u c e d  by  t h e  
r e s p e c t i v e  f a c t o r s  3 x  11 and  3 x  3 &* i « e .  by e x t r a  f a c t o r s  o f  11 an d  3 ^ .  
T h is  i s  e v i d e n c e ,  th e y  s u g g e s t e d ,  t h a t  t h e  ch ange  i n  m echan ism  h a s
2
2 c o m p re s s io n s  2 c o m p re s s io n 2 c o m p re s s io n s
o f  0 . 2 7  & o f  0 . 3 0 ?- o f  0 , 6 6  %
( a ) (b ) (c )
b r o u g h t  a b o u t  an  e x t r a  s t e r i c  r e t a r d a t i o n ,  and  more o f  i t  i n t o  tw o -
a n i o n  t h a n  i n t o  o n e - a n i o n  c a t a l y s i s .
T h e i r  r o p o s a l s  f o r  t h e  t r a n s i t i o n  s t a t e  o f  t h e  o n e - a n i o n  and
tw o - a n io n  c a t a l y s e d  e x c h a n g e s  a r e  g iv e n  i n  f i g u r e  2 . 6 , and  t h e  e x t r a
c o m p re s s io n s  due t o  m e th y l /b r o m in e  i n t e r a c t i o n s  a r e  g iv e n  u n d e r n e a t h .
A Van d e r  W aals t o u c h i n g  d i s t a n c e  f o r  e t h y l  b ro m in e  o f  3*95 S  was
u s e d  i n  t h e  d e r i v a t i o n  o f  t h e  c o m p r e s s io n s .  T hese  c o m p re s s io n s  im p ly
-1e n e r g i e s  i n  th e  r e g i o n  o f  1 - 2  k c a l  m ole , w h ich  i s  c o n s i s t e n t  i n  
o r d e r  o f  m a g n i tu d e  w i t h  t h e  e x t r a  r e t a r d a t i o n s  e x h i b i t e d  by t h e  
S ^ 2 ( c y d i c )  m echan ism s a s  com pared  w i t h  t h e  S ^ 2 (o p e n )  m e ch an ism .
Me Br- Me ? rMe ^  e t  M e ^  /  e |
C ^H gx
M<
i
Br Br
1 c o m p re s s io n  2 c o m p re s s io n s
o f  0 .7 5  & o f  0 .7 5  &
F i g u r e  2 . 6 .  T r a n s i t i o n  s t a t e  m o d e ls  p r o p o s e d  by  Hughes an d  V o lg e r  
and  t h e  c o r r e s p o n d i n g  m e th y l /b r o m in e  c o m p r e s s io n s .
A l th o u g h  t h e  m o d e ls  c h o s e n  f o r  t h e  u n c a t a l y s e d  and  t h e  t w o - a n io n  
c a t a l y s e d  t r a n s i t i o n  s t a t e s  a r e  t h o s e  w i t h  t h e  m o s t  f a v o u r a b l e  c o n f i g u r a t ­
i o n s ,  i . e . ,  w i t h  t h e  l o w e s t  c o m p r e s s io n a l  e n e r g i e s ,  t h i s  i s  n o t  t h e  c a s e
f o r  t h e  o n e - a n i o n  c a t a l y s e d  c a s e .  By r o t a t i o n  o f  t h e  C atom  away from
P
t h e '  q u a d r i c o - o r d i n a t e  m e rc u ry  atom  t h e r e  w ou ld  b e .a  d e c r e a s e  i n  t h e  m e t h y l /  
b ro m in e  c o m p re s s io n  a l t h o u g h  a t  t h e  same t im e  t h e r e  w ould  be  a n  i n c r e a s e  
i n  t h e  m e th y l / m e r c u r y  c o m p r e s s io n s .  R o t a t i o n  o f  t h e  m e th y l  g r o u p s  a b o u t  
th e  a x i s  w ould  be e x p e c t e d  to  f u r t h e r  d e c r e a s e  t h e s e  c o m p r e s s i o n s .
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D I S C U S S I O N
SECTION 3
THE PURPOSE OF THE WORK
The present work has been directed towards furthering the 
knowledge and understanding of bimolecular aliphatic eleG.trophilic 
substitution reactions.
P r e v i o u s l y ,  t h e  w ork o f  S p a l d i n g  ( 3 2 ) on t h e  k i n e t i c s  and  
m echanism  o f  t h e  r e a c t i o n s  b e tw e e n  t e t r a a l k y l t i n s  and  m e r c u r i c  i o d i d e  
i n  s o l v e n t  9 6% &q m e th a n o l*  showed t h a t  a. s t e r i c  s e q u e n c e  o f  r e a c t i v ­
i t y ,  Me > E t  > P r n ~  Bu11 > Bu1 > P r 1 , was f o l l o w e d .  I t  was c o n c lu d e d  
t h a t  r e a c t i o n  p r o c e e d e d  by m echanism  S^,2 a n d ,  on a c c o u n t  o f  t h e  
p o s i t i v e  s a l t  e f f e c t ,  t h a t  an  open  t r a n s i t i o n  s t a t e  was in v o lv e d *
The s y s te m  was a  d i f f i c u l t  one t o  s t u d y  s i n c e  t h e  i n i t i a l  b i m o l e c u l a r  
s u b s t i t u t i o n  r e a c t i o n  was f o l l o w e d  by a  r a p i d  e q u i l i b r i u m  b e tw e e n  t h e  
m e r c u r i c  i o d i d e  and  one o f  t h e  r e a c t i o n  p r o d u c t s ,  t h e  t r i a l k y l t i n  
i o d i d e •
J o h n s t o n  (33 )  c h o se  to  s t u d y  t h e  s u b s t i t u t i o n s  o f  t h e  same 
s e r i e s  o f  s y m m e t r i c a l  t e t r a a l k y l t i n s  by  m e r c u r i c  c h l o r i d e  i n  v a r i o u s  
m e th a n o l - w a t e r  m i x t u r e s  a s  s o l v e n t ,  i n  t h e  a n t i c i p a t i o n  t h a t  s e c o n d a r y  
e q u i l i b r i u m  r e a c t i o n s  w ould  be e f f e c t i v e l y  a b s e n t .  The l a t t e r  p r o v e d  
to  be  t h e  c a s e  and  t h e  s y s te m  p r e s e n t e d  good o p p o r t u n i t i e s  f o r  s t u d y .  
R e a c t i o n  was fo u n d  t o  p r o c e e d  by m echanism  S g 2 (o p e n )  an d  a  s t e r i c  
s e q u e n c e  o f  r e a c t i v i t y  s i m i l a r  to  t h a t  f o u n d  by  S p a l d i n g  o b t a i n e d  
i n  e a c h  o f  t h e  s o l v e n t s  u s e d .  The u s e  o f  t h e  common s o l v e n t  96% aq: 
m e th a n o l  e n a b l e d  J o h n s t o n  to  make c o m p a r is o n s  o f  r a t e s ,  a c t i v a t i o n  
p a r a m e t e r s  and  p o s t u l a t e d  m echanism  w i t h  t h o s e  o f  S p a l d i n g .
* See f o o t n o t e  on p ag e  2 3 .
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F o r  t h e  p r e s e n t  w ork i t  was d e c i d e d  to  i n v e s t i g a t e  f u r t h e r  t h e  
r o l e  o f  t h e  s o l v e n t  i n  t h e  s u b s t i t u t i o n  o f  t e t r a a l k y l t i n s  by m e r c u r i c  
c h l o r i d e ,  A c e t o n i t r i l e  was s e l e c t e d  a s  s o l v e n t  s i n c e  i t s  d i e l e c t r i c  
c o n s t a n t  was s i m i l a r  t o  t h a t  o f  m e th a n o l  w h i l e  i t  c o n s t i t u t e d  a  
d i f f e r e n t  ty p e  o f  s o l v e n t .  The s o l u b i l i t y  o f  r e a c t a n t s  an d  o f  i n e r t  
s a l t s  p ro m is e d  t o  be a d e q u a t e  and  i t  was a n t i c i p a t e d  t h a t  r e a c t i o n  
w ould  n o t  be c o m p l i c a t e d  by  a  s e c o n d a r y  e q u i l i b r i u m  o f  t h e  ty p e  
o b s e r v e d  by  S p a l d i n g  on a c c o u n t  o f  t h e  s m a l l  v a l u e  o f  t h e  f o r m a t i o n  
c o n s t a n t  o f  H g C l ^ ”  ^ i n  t h i s  s o l v e n t .  F o r  th e  k i n e t i c  s t u d y  i t  was 
t h e  i n t e n t i o n  to  e s t a b l i s h  t h e  o r d e r  o f  r e a c t i o n ,  t h e  e f f e c t  o f  ad d ed  
s a l t s  and  o f  t h e  added  p o l a r  c o - s o l v e n t  w a t e r ,  t h e  e f f e c t  o f  v a r i o u s  
a l k y l  g ro u p s  on t h e  r a t e  o f  s u b s t i t u t i o n  a t  one and  so m e t im e s  two 
t e m p e r a t u r e s ,  and f i n a l l y  t h e  e f f e c t  o f  c h a n g in g  t h e  e l e c t r o p h i l e .  
From t h i s  i n f o r m a t i o n  i t  was hoped  to  ded u ce  th e  m e c h a n is m (s )  o f  t h e  
r e a c t i o n s  and  make c o m p a r is o n s  w i t h  t h e  p r e v i o u s  w o rk .
The r e m a in d e r  o f  t h e  p r e s e n t  w ork was d e v o te d  t o  t h e  c a l c u l a t i o n  
o f  s t e r i c  e f f e c t s  f o r  some b i r a o l e c u l a r  a l i p h a t i c  e l e c t r o p h i l i c  s u b s t ­
i t u t i o n  r e a c t i o n s .  I t  h a s  b e e n  g e n e r a l l y  s u p p o se d  t h a t  t h e  s e q u e n c e
n i  *bo f  r a t e s  Me > E t  > P r  > P r  > Bu i s  s t e r i c  i n  o r i g i n  a l t h o u g h  i t  
h a s  n e v e r  b e e n  d e m o n s t r a t e d  t h a t  t h e  s t e r i c  e f f e c t  o f  t h e  v a r i o u s  
a l k y l  g ro u p s  c o u ld  g iv e  r i s e ,  q u a n t i t a t i v e l y ,  t o  s u c h  a  s e q u e n c e .
I t  was t h e  o b j e c t  o f  t h i s  p a r t  o f  t h e  w ork t o  c a l c u l a t e  s u c h  s t e r i c  
e f f e c t s  f o r  a  number o f  e l e c t r o p h i l i c  s u b s t i t u t i o n  r e a c t i o n s  an d  t o  
com pare t h e  c a l c u l a t e d  ( r e l a t i v e )  r e a c t i o n  ro . te  c o n s t a n t s  w i t h  t h e  
o b s e r v e d  r a t e  c o n s t a n t s .  F i n a l l y ,  i t  was hoped  t h a t  t h i s  w ork  w o u ld  
s h e d  some l i g h t  on t h e  s t r u c t u r e  o f  t h e  t r a n s i t i o n  s t a t e  f o r  t h e  
s u b s t i t u t i o n s  o f  t e t r a a l k y l t i n s  by m e r c u r i c  h a l i d e s .
SECTION 4
THE REACTION BETWEEN TETRAETHYLTIN AND MERCURIC SALTS IN SOLVENT
ACBTONITRILE
1 .  The s o l v e n t  a c e t o n i t r i l e
P u re  a c e t o n i t r i l e  h a s  good o p t i c a l  p r o p e r t i e s  and  i s  a  r e l a t i v e l y  
i n e r t  s o l v e n t ,  b e i n g  a  w eak er  b a s e  and  a  much w eaker  a c i d  t h a n  w a te r  
(1 1 4 0 ;  c o n s e q u e n t l y  some i m p u r i t i e s  may be s u f f i c i e n t l y  r e a c t i v e  t o  
m o d ify  i t s  p r o p e r t i e s  s i g n i f i c a n t l y ,  e v e n  when p r e s e n t  i n  q u i t e  low  
c o n c e n t r a t i o n s .  U n f o r t u n a t e l y ,  c o m m e r c i a l ly  a v a i l a b l e  a c e t o n i t r i l e  
f r e q u e n t l y  c o n t a i n s  a  w ide r a n g e  o f  i m p u r i t i e s  and  p o s s e s s e s  p o o r  
o p t i c a l  q u a l i t i e s ,  and  t h u s  r e q u i r e s  e x t e n s i v e  p u r i f i c a t i o n .  R e c e n t  
i n t e r e s t  i n  a c e t o n i t r i l e  a s  a  s o l v e n t  f o r  s p e c t r o p h o t o m e t r i c  an d  
e l e c t r o c h e m i c a l  w ork h a s  b r o u g h t  a b o u t  t h e  a p p e a r a n c e  i n  t h e  
l i t e r a t u r e  o f  s e v e r a l  m e thods  o f  p u r i f i c a t i o n  (114 --1 1 8 ) .
The m e thod  o f  J a n z  and  D any luk  (1 19 )?  i n  w h ich  a c e t o n i t r i l e  i s  
r e f l u x e d  w i t h  p h o s p h o ru s  p e n t o x i d e  s e v e r a l  t im e s  f o r  s e v e r a l  h o u r s  
e a c h  t im e  b e f o r e  b e i n g  d i s t i l l e d  f rom  f r e s h l y  f u s e d  po te„ss ium  c a r b o n ­
a t e ,  was u s e d  f o r  t h e  p u r i f i c a t i o n  o f  t h e  s o l v e n t  f o r  t h e  p r e l i m i n a r y  
e x p e r im e n t  i n  t h i s  w ork  ( s e e  s e c t i o n  13*1? p age  251)*  T h i s  m e thod  
was a b an d o n e d  i n  f a v o u r  o f  t h a t  o f  OfDonneIL, A y res  and  Mann ( 1 1 6 ) 
w h ich  i s  more econom ic i n  b o th  t im e  and  a c e t o n i t r i l e .  I t  i s  w o r th  
n o t i n g  m o re o v e r  t h a t  t h e r e  was a g re e m e n t  b e tw e e n  th e  r a . t e  c o n s t a n t s
d e t e r m in e d  i n  t h e  a c e t o n i t r i l e  p u r i f i e d  by  t h e  two d i f f e r e n t  m e th o d s
•E*fc **^ 1 1(k^ =■■ 1 . 1 5  and  1 . 2 0  1  mole** min"* , r e s p e c t i v e l y ) ;  t h e s e  r a t e
c o n s t a n t s  may be  com pared w i t h  t h o s e  d e t e r m in e d  i n  v a r i o u s  b a t c h e s  of.
im p u re  a c e t o n i t r i l e ,  s e e  T a b le 1 3 * 1 1 » p ag e  262  and  T a b le  17*1? p a g e  273*
I n  t h e  c o u r s e  o f  t h e  w ork i t  became a p p a r e n t  t h a t  i m p u r i t i e s  
p r e s e n t  i n  t h e  f o r e c u t  o f  t h e  f r a c t i o n a l l y  d i s t i l l e d  a c e t o n i t r i l e  
( s e e  p ag e  2 1 9 ) w ere  c o n t r i b u t o r y  t o  low  r a t e  c o n s t a n t s ,  an d  t h e  
b o i l i n g  p o i n t  o f  t h e  s o l v e n t  p r o v e d  u s e f u l  a s  a  c r i t e r i o n  o f  t h e  
s u i t a b i l i t y  o f  a c e t o n i t r i l e  f o r  t h e  k i n e t i c  w o rk .
No k i n e t i c  c o n s e q u e n c e s  w ere  a p p a r e n t  f ro m  s t o r i n g  t h e  s o l v e n t  
f o r  up  to  a  m onth  b e f o r e  u s e ,  a l t h o u g h  i t  h a s  b e e n  r e p o r t e d  t h a t  th e  
o p t i c a l  q u a l i t y  o f  p u r e  a c e t o n i t r i l e  d e t e r i o r a t e s  w i t h i n  t h i s  l e n g t h  
o f  t im e  ( 1 1 6 ) .
2• I d e n t i f i c a t i o n  o f  t h e  r e a c t i o n  b e tw e e n  t e t r a e t h y l t i n  an d  m e r c u r i c
c h l o r i d e
I n  a  p r e l i m i n a r y  e x p e r im e n t  ( s e c t i o n  13*1» page  251) j t h e
—2r e a c t i o n  b e tw e e n  t e t r a e t h y l t i n  ( 1 .2 5  x  10 M) and  m e r c u r i c  c h l o r i d e
( 1 .0 0  x  10 2 M) i n  s o l v e n t  a c e t o n i t r i l e  a t  2 5 °0  was f o l l o w e d  by  a
s p e c t r o p h o t o m e t r i c  m e thod  d e s c r i b e d  by J o h n s t o n  (3 3 )*  I n t e r p r e t a t i o n
o f  t h e  r e s u l t s  on t h e  b a .s i s  o f  a  s e c o n d  o r d e r  r e a c t i o n ,  f i r s t  o r d e r
i n  e a c h  r e a c t a n t ,  e n a b l e d  v a l u e s  o f  k ^ t  t o  be p l o t t e d  a g a i n s t  v a l u e s
o f  t  ( t i m e )  f o r  tw e n ty  two p o i n t s  r a n g i n g  from  z e r o  t o  80a> r e a c t i o n .
-1  —1A s t r a i g h t  l i n e  g r a p h  o f  s l o p e  1 . 1 5  1 m ole m in was o b t a i n e d  
sh o w in g  t h a t  r e a c t i o n  was i n  f a c t  s e c o n d  o r d e r  and d e m o n s t r a t i n g  t h e  
s i m i l a r i t y  o f  t h e  r e a c t i o n  i n  a c e t o n i t r i l e  w i t h  t h e  same r e a c t i o n  i n  
s o l v e n t  96$  a <l m e th a n o l  ( 3 3 )•
E x a m in a t io n  o f  t h e  p r o d u c t s  o f  t h e  c o m p le te d  r e a c t i o n  by  t h i n  
l a y e r  c h ro m a to g ra p h y  ( T . L .C . )  showed t h a t  o n ly  e t h y l m e r c u r i c  c h l o r i d e  
and  t r i e t h y l t i n  c h l o r i d e  had  b e e n  fo rm e d ,  w h i l e  e x a m in a t io n  by  g a s -  
l i q u i d  c h ro m a to g ra p h y  ( G .L .C . )  showed t h a t  some t e t r a e t h y l t i n  was 
s t i l l  p r e s e n t  i n  t h e  r e a c t i o n  m i x t u r e .
E t h y l m e r c u r i c  c h l o r i d e  was i s o l a t e d  f ro m  t h e  r e a c t i o n  m i x t u r e  
i n  up t o  83% y i e l d ,  b a s e d  upon t h e  c o m p le te  c o n v e r s i o n  o f  m e r c u r i c  
c h l o r i d e  t o  e t h y l m e r c u r i c  c h l o r i d e ;  s e e  s e c t i o n  1 1 .1 ,  p ag e  243*
I t s  m e l t i n g  p o i n t  o f  188°C, a l t h o u g h  lo w e r  t h a n  t h e  l i t e r a t u r e  v a l u e  
o f  190 - 193°C, was u n ch an g e d  i n  a  m ixed  m e l t i n g  p o i n t  d e t e r m i n a t i o n *  
G r a v i m e t r i c  e s t i m a t i o n s  o f  e t h y l m e r c u r i c  c h l o r i d e  a s  e t h y l m e r c u r i c  
i o d i d e  ( s e c t i o n  1 1 . 2 , p ag e  243)  gave  v a l u e s  o f  a s  much a.s 9 3 *2%*
W ith  t h e  o b s e r v e d  a b s e n c e  o f  p r o d u c t s  o t h e r  t h a n  e t h y l m e r c u r i c  
c h l o r i d e  and  t r i e t h y l t i n  c h l o r i d e  t h i s  d e m o n s t r a t e s  t h a t  e q u a t i o n  4*1 
r e p r e s e n t s  t h e  s t o i c h i o m e t r y  o f  r e a c t i o n  i n  s o l v e n t  a c e t o n i t r i l e .
E t^ S n  + HgCl2 — ~2—9 E t  SnCl + EtHgCl 4 .1
The p o s s i b i l i t y  t h a t  r e a c t i o n  was f o l l o w e d  by  a  r a p i d ,  r e v e r s i b l e  
r e a c t i o n  o f  t h e  ty p e  4 . 2  was o b v i a t e d  by  t h e  f a c t  t h a t  a  p l o t  o f  k^t.. 
a g a i n s t  t  gave  r i s e  t o  a  s t r a i g h t  l i n e ;  i f  r e a c t i o n  4 . 2  w ere  t a k i n g  
p l a c e  t h e n  t h i s  w ould  be a p p a r e n t  ( 3 2 ) i n  t h a t  t h e  v a l u e s  o f  k ^ t  
p l o t t e d  a g a i n s t  t  w ould  l i e  on a  c u r v e ,  t h e  s l o p e  o f  w h ic h  w ou ld  
d e c r e a s e  w i t h  i n c r e a s i n g  v a l u e s  o f  t .
E t_ S n C l + HgCl E t _ . S n ^  + H g C l - ^  4 . 2
3  2  3  3
3^ The r a t e  e q u a t i o n  and  i t s  s o l u t i o n
a )  B e a c t io n _ b e tw e e n  t e t r a e t h j £ l t i n _ a n d  m e r c u r i c ^ c h l o r i d e  ( o r  m e r c u r i c
a . c e t a t e )
The r e a c t i o n  b e tw e e n  t e t r a e t h y l t i n  and  m e r c u r i c  c h l o r i d e  ( o r  
s i m i l a r l y  m e r c u r i c  a c e t a t e )  h a s  b e e n  shown t o  be  s e c o n d  o r d e r  an d  i s  
r e p r e s e n t e d  by t h e  s t o i c h i o m e t r y  o f  e q u a t i o n  4 .3 *
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kE t^ S n  + HgCl2 — - 2 —* E t  SnCl. + EtHgCl 4 . 3
a  ~x b - x  o o X X
w here  and  b Q a r e  t h e  i n i t i a l  c o n c e n t r a t i o n s  r e s p e c t i v e l y  o f  
t e t r a e t h y l t i n  and  m e r c u r i c  c h l o r i d e ,  x  i s  t h e  c o n c e n t r a t i o n  o f  e a c h  
p r o d u c t  fo rm e d  by  t i m e ,  t ,  and  k ^  i s  t h e  - s e c o n d  o r d e r  r a t e  c o n s t a n t  
f o r  t h e  r e a c t i o n  a t  t e m p e r a t u r e ,  T°C.
The r a t e  i s  t h u s  e x p r e s s e d  by
r a t e  = k 2 [E t^ S n ] [H g C l2 ] 4 . 4
o r dxdt. k 2 ( a o x ) ( b  -  x )  o 4 . 5
w h ich  upon i n t e g r a t i o n  becom es ( 1 2 0 )
k 2 t  =
( a  -  b ) o o
• . In
b ( a -  x )0 0
a  (b _ 0 0 -  x )
4 . 6
V a lu e s  o f  k 2 t  w ere  com puted  f rom  b a s i c  d a t a  a s  e x p l a i n e d  i n  
s e c t i o n  1 0 . 4 ,  p age  2 4 4 .
b )  R e a c t i o n  b e tw e e n  t e t r a e t h y l t i n  an d  m e r c u r i c  i o d i d e
I n  v ie w  o f  t h e  a p p a r e n t  s i m i l a r i t y  o f  r e a c t i o n  b e tw e e n  t e t r a ­
e t h y l t i n  and  m e r c u r i c  c h l o r i d e  i n  s o l v e n t  96% aq  m e th a n o l  and  
a c e t o n i t r i l e ,  s i m i l a r i t y  was a n t i c i p a t e d  f o r  r e a c c i o n  b e tw e e n  t e t r a ­
e t h y l t i n  and  m e r c u r i c  i o d i d e  i n  t h e s e  s o l v e n t s .  Abraham an d  S p a l d i n g  
have  shown ( 3 5 ) t h a t  r e a c t i o n  i n  96% aq m e th a n o l  p r o c e e d s  a c c o r d i n g  
to  t h e  schem e 4 . 7  and  4 . 8 ,
8o
E t^ S n  +. H gl2 — ~2~4 E t ^ S n l  + E tH g l  k .7
a o~x  b o “x " y x " y  X
E t , S n I  + Hgl E t , S n (+ )  +. H g l_ ( ~* *f, 8
3 2 3 3
x - y  b Q- x - y  y y
w here  y i s  t h e  c o n c e n t r a t i o n  o f  t h e  p r o d u c t  (RySn^ + ^ H g I ^ ~ ^ ) fo rm ed  
by  t i m e ,  t ,  and  t h e  e q u i l i b r i u m  c o n s t a n t ,  K, f o r  r e a c t i o n  4 , 8  i s  
g iv e n  by
K = T V “ 7 F b f - ' -  x ’ - T T  4 , 9
The r a t e  was e x p r e s s e d  by
r a t e  = [Et^Sn ] [ l i g l2 ] ^ , 1 0
o r  = k  ( a  -  x )  (b -  x - y )  ^-,11d t  2 o o
K ,b  -  / ( K .b  ) 2 -  4-K.x.(K -  l ) ( b  -  x )
w here  y   2---------------2-----------------   2---------  4-. 12
2 . ( K  -  1)
Use. was made o f  a  p u b l i s h e d  (3 3 )  co m p u te r  p ro g ram  t o  e v a l u a t e  k^  
from  t h e  i n t e g r a t e d  fo rm  o f  e q u a t i o n  4-. 11 and  t h e  s l i g h t l y  m o d i f i e d  
v e r s i o n  o f  t h i s  p ro g ram  u s e d  i n  t h i s  w ork  h a s  b e e n  l i s t e d  on  p a g e  33^ •  
S o l u t i o n  o f  e q u a t i o n  ^f.1 1  r e q u i r e d  a  k n o w led g e  o f  t h e  v a l u e  o f  K; 
a  v a l u e  o f  K was c h o s e n  s u c h  t h a t  a  g r a p h  o f  t h e  com puted  v a l u e s  o f  
k ^ t  p l o t t e d  a g a i n s t  t  was a  s t r a i g h t  l i n e .  The e f f e c t  o f  c h a n g i n g  K 
upon t h e  com puted  v a l u e s  o f  k ^ t  i s  i l l u s t r a t e d  i n  f i g u r e  ^ , 3 » p a g e  8 8 ,
k-. The d e t e r m i n a t i o n  o f  c o n c e n t r a t i o n s  o f  r e a c t a n t s
C o n c e n t r a t i o n s  o f  r e a c t a n t s  a t  t i m e ,  t ,  w ere  d e t e r m in e d  f ro m
s p e c t r o p h o t o m e t r i c  m e a su re m e n ts  made on a  sa m p le  o f  r e a c t i o n  m i x tu r e
quenched  i n  m e t h a n o l i c  p o t a s s iu m  i o d i d e  s o l u t i o n  a t  t i m e ,  t :  ITndeir
—■5t h e  c o n d i t i o n s  u s e d  ( i n o r g a n i c  m e r c u r y ( I I )  ^ 6 x  10 ; KI ~  2*5 x
10~3 M; s e e  s e c t i o n  1 0 ,3 ?  p a g e  23B) th e  i n o r g a n i c  m e r c u r y ( l l )  was
c o n v e r t e d  q u a n t i t a t i v e l y  i n t o  t h e  t r i i o d o m e r c u r a t e  i o n ,  H g l ^   ^ ( 1 2 1 ) ,
and  t h e  c o n c e n t r a t i o n  o f  i n o r g a n i c  m e rc u ry  c o u ld  be  d e t e r m in e d  f rom
a b s o r b a n c e  m e a su re m e n ts  made a t  3 0 2 . 3  sap. ( \ ^ ^ 3  ) 3^3*0  mp by
r e f e r e n c e  t o  a p p r o p r i a t e  c a l i b r a t i o n  g r a p h s *  From t h i s  and  t h e
o r i g i n a l  c o n c e n t r a t i o n  o f  i n o r g a n i c  m e r c u r y ( I T ) , x  c o u ld  be  d e t e r m in e d
by d i f f e r e n c e *  On th e  b a s i s  o f  t h e  r e a c t i o n  s t o i c h i o m e t r y ,  t h e
d e c r e a s e  i n  t h e  t e t r a e t h y l t i n  c o n c e n t r a t i o n  c o u ld  be  c a l c u l a t e d  and
from  a  k now ledge  o f  t h e  i n i t i a l  c o n c e n t r a t i o n  t h e  a c t u a l  c o n c e n t r a t i o n
o f  t e t r a e t h y l t i n  c o u ld  be f o u n d .
I'he v a l u e  f o r  th e  m o la r  e x t i n c t i o n  c o e f f i c i e n t  o f  H g l-^   ^ a t
302*3 n?i i n  s o l v e n t  $6% aq  m e th a n o l  c o n t a i n i n g  1% ( v / v )  a c e t o n i t r i l e
i s  no d i f f e r e n t  to  t h a t  i n  s o l v e n t  9 &%° aq  m e th a n o l ,  nam ely  1 .2 4  x  10 ,
a t  3 0 1 .5  mp ( 1 2 1 ) .  The e f f e c t  o f  i n c r e a s i n g  t h e  r e l a t i v e  am ount o f
a c e t o n i t r i l e  i n  s u c h  s o l v e n t  m i x t u r e s  i s  t o  i n c r e a s e  t h e  e x t i n c t i o n
c o e f f i c i e n t  o f  t h e  s p e c i e s  H g l ^ " ^ ;  s o  t h a t  i n  t h e  s o l v e n t  96% aq
m e th a n o l  (2  v o l )  a c e t o n i t r i l e  (1 v o l ) ,  e ^ 3  -  1 . 2 8  x  10~ \yJc. • 3
Hf In . b .  \  5 3 r e m a in s  a t  3 0 2 . 5  mu.max
5* K i n e t i c s  o f  t h e  r e a c t i o n  b e tw e e n  t e t r a e t h y l t i n  and  m e r c u r i c
c h l o r i d e  a t  25 °0  
The d e t e r m i n a t i o n  o f  r a t e  c o n s t a n t s  f o r  r e a c t i o n  b e tw e e n  t e t r a ­
e t h y l t i n  and  m e r c u r i c  c h l o r i d e  was t h e  e a r l i e s t  p a r t  o f  t h e  k i n e t i c
work undertaken. It was surprising to find within the first forty
-1r e s u l t s  v a l u e s  o f  t h e  r a t e  c o n s t a n t  r a n g i n g  f rom  0 , 7  t o  1 , 2  1 m ole 
-1mxn from  r u n s  i n  w h ich  t h e  i n i t i a l  c o n c e n t r a t i o n s  o f  r e a c t a n t s  w e re  
u n c h a n g e d ,  ev en  th o u g h  g e n e r a l l y  good s e c o n d  o r d e r  p l o t s  w ere o b t a i n e d .  
I t  was s u s p e c t e d  t h a t  t h e  s o u r c e  o f  th e  t r o u b l e  l a y  i n  t h e  p u r i t y  o f  
t h e  s o l v e n t  f o l l o w i n g  t h e  c o m p a r is o n  o f  t h e  r e s u l t s  o f  two s i m i l a r  
c o n s e c u t i v e  r u n s ,  t h e  f i r s t  u s i n g  t h e  e a r l i e s t  a c c e p t a b l e *  f r a c t i o n  
and  th e  o t h e r  t h e  l a t e s t  a c c e p t a b l e  f r a c t i o n  o f  t h e  same b a t c h  o f  
p u r i f i e d  a c e t o n i t r i l e ,  s e e  f i g u r e  4 , 1 ,
O th e r  w o rk e r s  have  e x p e r i e n c e d  d i f f i c u l t i e s  w i t h  s o l v e n t  a c e t o ­
n i t r i l e ;  R o b e r t s  r e p o r t e d  ( 1 2 2 ) t h a t  o n ly  a c e t o n i t r i l e  o f  h i g h  
p u r i t y  g av e  r e p r o d u c e a b l e  r e s u l t s  f o r  t h e  c l e a v a g e  o f  a l l y l g e r m a n e s  
by m e r c u r i c  s a l t s ,  and  G ie l e n  and  N a s i e l s k i  h ave  r e p o r t e d  (4 8 )  
d i f f e r e n c e s  w h ich  t h e y  w ere  u n a b le  t o  e x p l a i n  i n  t h e  v a l u e s  o f  r a t e ,  
c o n s t a n t s  d e t e r m in e d  i n  19&3 C^3) 1965 (4 8 )  f o r  r e a c t i o n  b e tw e e n
t e t r a e t h y l l e a d s  an d  i o d i n e .
C a r e f u l  a t t e n t i o n  was s u b s e q u e n t l y  p a i d  t o  c o l l e c t i n g  a  s u f f i c ­
i e n t l y  l a r g e  f o r e c u t  p r i o r  t o  t h e  c o l l e c t i o n  o f  a c e t o n i t r i l e  w i t h  t h e  
c o r r e c t  b o i l i n g  p o i n t  (7 1 * 8 °C /7 6 o  mm) f o r  u s e  i n  t h e  k i n e t i c  w o rk .
I m p u r i t y  l e v e l s  i n  t h e  a c e t o n i t r i l e  u s e d  w ere  down t o  t h e  l i m i t s  
o f  d e t e c t i o n  on a  G r i f f i n  and  G eorge g a s  d e n s i t y  b a l a n c e ,  and  i t  was 
e s t i m a t e d  t h a t  i m p u r i t i e s * * c o n s t i t u t e d  a b o u t  0 , 03% (w/w) o f  t h e  
s o l v e n t .  Some a t t e m p t s  w ere  made t o  e s t a b l i s h  t h e  i n f l u e n c e  o f  
s p e c i f i c  i m p u r i t i e s  upon th e  r a t e  c o n s t a n t s *  Two i m p u r i t i e s  a p p e a r i n g  
i n  e a r l y  f r a c t i o n s  o f  a c e t o n i t r i l e  w ere  i d e n t i f i e d  a s  b e n z e n e  and  
w a t e r .  I t  c a n  be s e e n  from  T a b le  4 ,1  t h a t  b e n z e n e  h a s  no s i g n i f i c a n t
* c o n s i d e r e d  a c c e p t a b l e  a t  t h e  t i m e ,
** e x c l u d i n g  w a t e r .
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RUM 5  3 0 2 - 5
RUM b  3 0 2 . 5
F i g u r e  A-.1* G rap hs o f  v a l u e s  o f  k ^ t  p l o t t e d  a g a i n s t  v a l u e s  o f  t  f o r  
r e a c t i o n  b e t w e e n  . t e t r a e t h y l t i n  ( 9 * o  x  10  H) a n d  m e r c u r i c  c h l o r i d e  
( 0 . 6  x  10 "  M) i n  d i f f e r e n t  f r a c t i o n s  o f  t h e  sam e b a t c h  o f  p u r i f i e d
! a c e t o n i t r i l e *
e f f e c t  upon t h e  r a t e  c o n s t a n t  and  t h a t  w a te r  h a s  a  s l i g h t  a c c e l e r a t i v e  
e f f e c t .  W ate r  was fo u n d  s i m i l a r l y  t o  e x e r t  an  a c c e l e r o . t i v e  e f f e c t  
upon t h e  same r e a c t i o n  i n  s o l v e n t  m e th a n o l  (3 3 )*  T hese  e f f e c t s  o f  
t r a c e s  o f  w a te r  c o n t r a s t  w i t h  t h e  m arked  d e c e l e r a t i v e  e f f e c t  fo u n d  
by R o b e r t s  (1 2 2 )  f o r  t h e  c l e a v a g e  o f  a l l y l g e r m a n e s  by  m e r c u r i c  s a l t s  
i n  s o l v e n t  a c e t o n i t r i l e .  When c ru d e  a c e t o n i t r i l e  was u s e d  lo w  v a l u e s  
o f  t h e  r a t e  c o n s t a n t  w ere  o b t a i n e d ,  s e e  T a b le  4 . 1 .
T a b le  4 .1
m e r c u r i c  c h l o r i d e  i n  s o l v e n t  a c e t o n i t r i l e  a t
. . . . " n , . .  r i . . .  1 . . .I. . . . .  -
25° C i n  t h e  p r e s e n c e  o f
v a r i o u s  i m p u r i t i e s
Run n a t u r e  o f  t h e  s o l v e n t k 2 comment
36a p u r e  MeGN 1 . 1 2 2 s t r a i g h t  l i n e  p l o t
189 c ru d e  MeCN 0 .8 5 1 c u r v e ;  s l o p e  d e c r e a s i n g  
w i t h  t im e
192 c ru d e  MeGN t r e a t e d  w i t h  GaH^ 0 . 8 1 3 s t r a i g h t  l i n e  p l o t
216 0 .0 1 1  M b e n z e n e  i n  p u r e  MeCN 1 .1 2 0 s t r a i g h t  l i n e  p l o t
207 0 .2 1 9  M w a te r  i n  p u r e  MeCN 1 . 1 8 2 s t r a i g h t  l i n e  p l o t
4 l a p u r e  MeCN u n d e r  n i t r o g e n 1 . 1 6 3 two p o i n t  r u n
39a p u r e  MeCN u n d e r  a i r 1 .1 5 0 two p o i n t  r u n
a  R e a c t i o n  p e r fo rm e d  i n  p r e s e n c e  o f 0 . 6  x  10 - 4 M q u i n o l .
Two i d e n t i c a l  r u n s  w ere  c a r r i e d  o u t  u n d e r  n i t r o g e n  and  two 
c o n t r o l  r u n s ,  i . e .  c a r r i e d  o u t  u n d e r  a i r  i n  s o l v e n t  f rom  t h e  same 
b a t c h ,  w ere  p e r fo rm e d  s i x  h o u r s  l a t e r .  The r a t e  c o n s t a n t s  w ere  t h e  
same w i t h i n  t h e  l i m i t s  o f  t h e  e x p e r i m e n t a l  e r r o r  and  i t  was c o n c lu d e d  
t h a t  oxygen  d id  n o t  t a k e  p a r t  i n  t h e  r e a c t i o n :  The r e a c t i o n  b e tw e e n
d i - s - b u t y l m e r c u r y  and  d i e t h y l t h a l l i c  b ro m id e  i n  DMF a t  70°C s t u d i e d
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by H a r t  and  I n g o l d  ( 123) h a s  b e e n  shown to  be s e n s i t i v e  t o  a tm o s p h e r ic ,  
oxygen  ( 1 2 4 ) ,  and  t h e  g e n e r a l  d i s r e g a r d  o f  r e s e a r c h e r s  i n t o  o r g a n o -  
m e r c u r i a l  ex ch a n g e  r e a c t i o n s  to  com pare r a t e s  i n  a i r  an d  an  i n e r t  
a tm o s p h e re  h a s  b e e n  c r i t i c i s e d  by J e n s e n  and  E ic k b o r n  ( 2 5 b ) .
I t  w ou ld  seem t h a t  t h e  p u r i t y  o f  t h e  a c e t o n i t r i l e  can  have  a  
m arked  e f f e c t  upon t h e  k i n e t i c  r e s u l t s  and  i s  t h u s  o f  t h e  u tm o s t .  
i m p o r t a n c e .  I n  t h i s  w ork  a n  e f f o r t  h a s  b e e n  made to  p r e p a r e  a c e t o ­
n i t r i l e  o f  a  c o n s i s t e n t l y  h i g h  p u r i t y  and  t h i s  s h o u l d  b e  b o r n e  i n  
mind when c o m p a r is o n s  a r e  made w i t h  o t h e r  \tfork c a r r i e d  o u t  w i t h  t h i s  
s o l v e n t .
I n  v iew  o f  t h e  r a n g e  o f  v a l u e s  o f  t h e  r a t e  c o n s t a n t  i t  was
n e c e s s a r y  t o  d e c id e  w h ic h  v a l u e  t o  t a k e  f o r  t h e  r a t e  c o n s t a n t  b e i n g
s o u g h t :  The c o m p a ra b le  r a t e  c o n s t a n t s  d e t e r m in e d  to  d a t e  w ere
a r r a n g e d  i n  o r d e r  o f  i n c r e a s i n g  v a l u e ,  i . e .  a s  o r d e r  s t a t i s t i c s ,  a s
shown i n  f i g u r e  4 . 2 ,  I t  was o b s e r v e d  t h a t  v a l u e s  f e l l  i n t o  two g r o u p s ,
one i n  w hich th e  v a l u e s  w ere  c l o s e s t  t o  1 .1  and  th e  o t h e r  i n  w h ich
v a l u e s  w ere  l e s s  t h a n  1 . 0 ,  E x a m in a t io n  o f  t h e  p l o t s  o f  k ^ t  a g a i n s t  t
from  w h ich  t h e  r a t e  c o n s t a n t s  w ere  t a k e n  showed t h a t  g e n e r a l l y  p o o r e r
g r a p h s  ( t h a t  i s  t h e  o n es  w i t h  t h e  m o s t  w id e l y  s c a t t e r e d  p o i n t s )  g av e
v a l u e s  i n  t h e  s e c o n d  g r o u p .  F o r  t h i s  r e a s o n  and  t h e  f a c t  t h a t  th e r e .
w ere more v a l u e s  i n  t h e  f i r s t  g r o u p ,  i t  was d e c i d e d  t h a t  t h e  r a t e
c o n s t a n t  s o u g h t  was r e p r e s e n t e d  by  t h e  mean o f  t h e  v a l u e s  i n  t h e
25f i r s t  g ro u p ,  i . e .  t h e  h i g h e s t  c o n s i s t e n t  v a l u e ,  k £  =• 1 *1 2 0 .
I n c l u s i o n  o f  s u b s e q u e n t l y  d e t e r m in e d  r a t e  c o n s t a n t s  i n  t h e  o r d e r  
s t a t i s t i c s  b o r e  o u t  t h e  d e c i s i o n  t o  r e j e c t  lo w  v a l u e s  o f  t h e  r a t e  
c o n s t a n t .
The r e s u l t s  o f  t h e  k i n e t i c  s t u d y  o f  t h e  r e a c t i o n  b e tw e e n
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Order of increasing value of the rate  constant
Figure ^*2^ Rate constants for: the reaction  between te tr a e th y lt in  
(0 ,9  x 10*" M) and mercuric chloride (0*6 ac. 10** M) arranged as order
s t a t i s t i c s .
t e t r a e t h y l t i n  and  m e r c u r i c  c h l o r i d e  i n  a c e t o n i t r i l e  a t  25°C a r e  g iv e n  
i n  T a b l e s  13*1» 13*2 and  13*3» p a g e s  232 , 253 and  2 5 4 .  S in c e  t h e  
v a l u e  o f  r e m a in s  r e a s o n a b l y  c o n s t a n t  o v e r  a  w ide  r a n g e  o f  i n i t i a l  
c o n c e n t r a t i o n s  o f  r e a c t a n t s  ( s e e  T a b l e s  13*1 and  13*2) i t  i s  
c o n c lu d e d  t h a t  t h e  r e a c t i o n  was s e c o n d  o r d e r ,  f i r s t  o r d e r  i n  t e t r a -
* .p
: e t h y l t i n  ( f ro m  0*9  x  10 i s  9*6  x  10 M) and  f i r s t  o r d e r  i n
_2  —2
m e r c u r i c  c h l o r i d e  ( f ro m  0 .1 5  x  10 t o  4 . 5  x  10 M). The a d d i t i o n
o f  1 : 4  d ih y d r o x y b e n s e n e  had  no s i g n i f i c a n t  e f f e c t  on t h e  s e c o n d  o r d e r  
r a t e  c o n s t a n t  and  a  f r e e  r a d i c a l  c o u r s e  f o r  t h e  r e a c t i o n  was t h e r e b y  
c o n s i d e r e d  u n l i k e l y .  The same c o n c l u s i o n  h a s  b e e n  r e a c h e d  by  
J o h n s t o n  (3 3 )  f ° r  t h e  r e a c t i o n  i n  s o l v e n t  96% a '4 m e th a n o l  a t  4o°C , 
and  by S p a l d i n g  (3 2 )  f o r  th e  s u b s t i t u t i o n  o f  t e t r a e t h y l t i n  by 
m e r c u r i c  i o d i d e  i n  s o l v e n t  96% aq  m e th a n o l  a t  40°C .
I n  summary, t h e  s u b s t i t u t i o n  o f  t e t r a e t h y l t i n  by  m e r c u r i c  
c h l o r i d e  o v e r  a  w ide r a n g e  o f  i n i t i a l  c o n c e n t r a t i o n s  i n  s o l v e n t  
a c e t o n i t r i l e  h as  b e e n  shown t o  p r o c e e d  by  t h e  r a t e  d e t e r m i n i n g  
b i m o l e c u l a r  r e a c t i o n  4 .1 3 *
E t^S n  +. HgCl2 E t^ S n C l + EtHgCl 4 . 1 3
6 . K i n e t i c s  o f  t h e  r e a c t i o n  b e tw e e n  t e t r a e t h y l t i n  and  m e r c u r i c
i o d i d e  a t  25°C
As f o r  t h e  same r e a c t i o n  i n  s o l v e n t  96% aq  m e th a n o l  (3 5 )»  t h e  
r e a c t i o n  b e tw e e n  t e t r a e t h y l t i n  and  m e r c u r i c  i o d i d e  i n  a c e t o n i t r i l e  
was f o l l o w e d  by  a  s e c o n d a r y  e q u i l i b r i u m  a c c o r d i n g  to  t h e  r e a c t i o n  
s c h e m e .4 . 7  and  4 ’. 8 . .  An e q u i l i b r i u m  c o n s t a n t ,  K, o f  8 was f o u n d  to  
g iv e  s a t i s f a c t o r y  s t r a i g h t  l i n e  p l o t s  o f  k ^ t  a g a i n s t  t ,  a s  c a n  be  
s e e n  f rom  f i g u r e  4 .3*  i n  w h ich  i s  i l l u s t r a t e d  t h e  e f f e c t  o f  u s i n g
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F i g u r e  4 .3 *  G raphs o f  v a l u e s  o f  ^ t  c a l c u l a t e d  from  t h e  i n t e g r a t e d  fo rm  
o f  e q u a t i o n  4 .1 1  u s i n g  d i f f e r e n t  v a l u e s  o f  t h e  e q u i l i b r i u m  c o n s t a n t ,  K,
o t t e d  a  a i n s t  v a l u e s  o f  t .
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d i f f e r e n t  v a l u e s  o f  K i n  e v a l u a t i n g  me^ ^ 0(  ^ usecl t o  f o l l o w
t h e  r e a c t i o n  i n  s o l v e n t  a c e t o n i t r i l e  was d i f f e r e n t  t o  t h a t  u s e d  by  
Abraham and  S p a l d i n g  (3 5 )  t o  f o l l o w  t h e  r e a c t i o n  i n  s o l v e n t  9 
m e th a n o l  and  t h e  r e f e r r e d  to  i n  t h i s  l a t t e r  w ork c o r r e s p o n d s  t o  
t h e  K m e n t io n e d  a b o v e .
The r e s u l t s  o f  t h e  k i n e t i c  s t u d y  o f  t h e  r e a c t i o n  b e tw e e n  t e t r a ­
e t h y l t i n  and  m e r c u r i c  i o d i d e  i n  s o l v e n t  a c e t o n i t r i l e  a t  2 5 °U &re 
g iv e n  i n  T a b le  1 9 * 1 j p ag e  279* The v a l u e s  o f  k^  d i f f e r  c o n s i d e r a b l y  
f rom  one s o l v e n t  b a t c h  t o  a n o t h e r  e v e n  th o u g h  t h e  s o l v e n t  f o r  a l l * t h e  
r u n s *  was p r e p a r e d  i n  t h e  n o rm a l  m anner by  t h e  p r e s e n t  A u t h o r ,  U s in g  
th e  c r i t e r i o n  t h a t  t h e  h i g h e s t  v a l u e  i s  t h e  one r e q u i r e d ,  t h e  s e c o n d  
o r d e r  r a t e  c o n s t a n t  f o r  t h e  r e a c t i o n  b e tw e e n  t e t r a e t h y l t i n  an d
m e r c u r i c  i o d i d e  a t  23 C i s  c o n s i d e r e d  t o  have  t h e  v a l u e  2,04- 1 m ole 
■*1min (T a b le  1 9 » 1 ) ,  I n  t h e  c a l c u l a t i o n . o f  t h e  a c t i v a t i o n  p a r a m e t e r s
—I —1t h e  v a l u e  o f  1 ,5 8  1 m ole  m in h a s  b e e n  u s e d  s i n c e  t h i s  v a l u e  was
o b t a i n e d  w i t h  t h e  s o l v e n t  u s e d  f o r  d e t e r m i n i n g  t h e  r a t e  c o n s t a n t  a t  .
4-0 and  60°C ( s e e  s e c t i o n  4-.1 1 , p ag e  1 0 0 ) ,
7 ,  The e f f e c t  o f  ad d e d  i n e r t  s a l t  on t h e  r a t e  o f  r e a c t i o n
a )  T e t r a e t h y l t i n  and  m e r c u r i c  i o d i d e
The a d d i t i o n  o f  e i t h e r  t e t r a - n - b u ty l a m m o n iu m  p e r c h l o r a t e  (BuJ^NClO^) 
o r  l i t h i u m  p e r c h l o r a t e  (LiClO^). to  r e a c t i o n  m i x t u r e s  c a u s e d  an  i n c r e a s e  
i n  t h e  r a t e  o f  r e a c t i o n  o f  t e t r a e t h y l t i n  and  m e r c u r i c  c h l o r i d e  a t  25 °C 
( s e e  T a b le s  13*8  and  13*9» p ag e  2 5 8 ) .  G raphs  o f  ^ j /k ®  a g a i n s t  [ s a l t ]
g  o
and  o f  l o g  Is: /k . a g a i n s t  [ s a l t ]  a r e  r e p r e s e n t e d  i n  f i g u r e s  4- ,4- and  
4-.5 j w here  k® and k °  a r e  t h e  s e c o n d  o r d e r  r a t e  c o n s t a n t s  i n  t h e  p r e s ­
e n c e  and  i n  t h e  a b s e n c e  o f  s a l t ,  r e s p e c t i v e l y ,
* i n c l u d i n g  t h o s e  r u n s  k i n d l y  c a r r i e d  o u t  by  F ,  B ehbahany  (4-6),
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L i  CIO./MeOH/HgCl L i  CIO. /Me CN/HgCl
B u \N C lO r  M e  CN/HgCl
Bu\N C 10./H e.C N /H gI
0.80.60 . 4
[ s a l t ]  mole 1  ^
0.2
5  OF i g u r e  4 . 4 .  G raphs o f  v a l u e s  o f  k^/k.^  p l o t t e d  a g a i n s t  v a l u e s  o f  t h e  
c o n c e n t r a t i o n  o f  i n e r t  s a l t  f o r  t h e  s u b s t i t u t i o n  i n  d i f f e r e n t  s o l v e n t s  
o f  t e t r a e t h y l t i n  by m e r c u r i c  s a l t s .
LiClO./MeOH/HgCl L iC IO i/M e CN/ftgCl
Bua ifNC102f/foeCN/HgCl2  Q
0 , 1
Bu J C I O . /Me CN/Hgl
0.80 . 60 0 . 2
[ s a l t ]  m ole 1 ^
F i g u r e  ^*5* G raphs  o f  v a l u e s  o f  l o g  p l o t t e d  a g a i n s t  v a l u e s  o f
t h e  c o n c e n t r a t i o n  o f  i n e r t  s a l t  f o r  t h e  s u b s t i t u t i o n  i n  d i f f e r e n t  
s o l v e n t s  o f  t e t r a e t h y l t i n  by m e r c u r i c  s a l t s .
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A c c o rd in g  t o  t h e  Hughes and  I n g o l d  t h e o r y  o f  k i n e t i c  s a l t  
e f f e c t s  ( 1 4 a ) ,  an  i n c r e a s e  i n  r a t e  w i t h  i n c r e a s i n g  p o l a r i t y  o f  t h e  
s o l v e n t  medium ( a c h i e v e d  by  a d d i t i o n  o f  i n e r t  s a . l t )  i n d i c a t e s  t h a t  
r e a c t i o n  i s  p r o c e e d i n g  by a  t r a n s i t i o n  s t a t e  w h ich  i s  more p o l a r  
t h a n  t h e  i n i t i a l  s t a t e s .
I t  i s  c l e a r  t h a t  t h e  e f f e c t  o f  L iC lO ^ upon t h e  r a t e  o f  r e a c t i o n  
i s  more p ro n o u n c e d  th a n  t h a t  o f  Buj^NClO^. J o h n s t o n  (3 3 )  f o u n d  t h a t  
the. e f f e c t  o f  t h e s e  two s a l t s  was s i m i l a r  f o r  r e a c t i o n  a t  40°C i n  
s o l v e n t  96% aq m e th a n o l ,  an d  i t  c a n  be s e e n  f rom  f i g u r e s  4 . 4  and  4 . 5  
t h a t  t h e  e f f e c t  i s  s t r o n g e r  i n  m e th a n o l  t h a n  i n  a c e t o n i t r i l e .
T hese  d i f f e r e n t  s a l t  e f f e c t s  may p o s s i b l y  be c o r r e l a t e d  w i t h  th e  
d e g re e  o f  a s s o c i a t i o n  o f  t h e s e  s a l t s  i n  s o l v e n t s  a c e t o n i t r i l e  and  
m e th a n o l ,  b u t  u n f o r t u n a t e l y  c o m p le te  d a t a  a r e  n o t  a v a i l a b l e .
Ho\vever, e x a m in a t io n  o f  t h e  a s s o c i a t i o n  c o n s t a n t s  o f  s a l t s  i n  s o l v e n t  
a c e t o n i t r i l e  ( 1 2 5 ) i n d i c a t e s  t h a t  t h e  l a r g e r  t h e  c a t i o n  t h e  more 
a s s o c i a t e d  i s  t h e  s a l t .  I f  t h i s  i s  t h e  c a s e  t h e n  L iC lO ^  w ou ld  be  
e x p e c t e d  t o  e x e r t  a  s t r o n g e r  s a l t  e f f e c t  t h a n  Bu^WClO^ i n  t h i s  
s o l v e n t .  The w eak e r  s a l t  e f f e c t  o f  L iC lO ^ i n  s o l v e n t  a c e t o n i t r i l e  
com pared  w i t h  m e th a n o l  s u g g e s t s  t h a t  i n  t h e  f o r m e r  s o l v e n t  L iC lO ^  i s  
n o t  c o m p le t e ly  d i s s o c i a t e d .
b )  t h y l t  i n l a n d  j n e r c u r i c _ i o d i d e
The e f f e c t  upon t h e  r a t e  o f  r e a c t i o n  b e tw e e n  t e t r a e t h y l t i n  and  
m e r c u r i c  i o d i d e  o f  t h e  a d d i t i o n  o f  Bu^NClO^ to  r e a c t i o n  m i x t u r e s  h a s  
b e e n  shown g r a p h i c a l l y  i n  f i g u r e s  19*1 t o  19*5? p a g e s  283  and  2 8 4 :
I n  e a c h  f i g u r e  t h e  lo w e r  c u rv e  r e s u l t s  f ro m  a  p l o t  a g a i n s t  t  o f  t h e  
v a l u e s  o f  k ^ t  d e r i v e d  from  t h e  s e c o n d  o r d e r  r a t e  e q u a t i o n ,  e q u a t i o n  
4 . 6  ( e q u i v a l e n t  t o  t h e  i n t e g r a t e d  fo rm  o f  e q u a t i o n  4 .1 1  i n  w h ic h  K i s
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p u t  e q u a l  t o  z e r o ) ;  t h e  u p p e r  c u rv e  r e s u l t s  f rom  a  p l o t  a g a i n s t  t  o f  
v a l u e s  o f  k ^ t  d e r i v e d  f ro m  a  s e c o n d  o r d e r  r a t e  e q u a t i o n ,  e q u a t i o n  4 . 1 4  
( e q u i v a l e n t  t o  t h e  i n t e g r a t e d  fo rm  o f  e q u a t i o n  4 .1 1  i n  w h ich  K i s  p u t  
e q u a l  t o  i n f i n i t y ) .
k 2 t  =
(b -  2a  ) o o
• .I n
a Cb -  x )o O'
b 0 <ao -  x )
4 .1 4
I n  a l l  c a s e s  t h e  lo w e r  c u rv e  (K = 0 )  i s  one o f  c o n t i n u a l l y  
d e c r e a s i n g  s l o p e :  H owever, o n ly  f o r  r u n  264 i n  w h ich  a d d e d  s a l t  i s
a b s e n t  i s  t h e  u p p e r  c u rv e  (K & oo) one o f  c o n t i n a u l l y  i n c r e a s i n g  s l o p e .  
I t  i s  p o s s i b l e  i n  t h i s  c a s e  t o  f i n d  a  v a l u e  o f  5. f o r  w h ic h  t h e  v a l u e s  
o f  k ^ t  ( c a l c u l a t e d  f rom  t h e  i n t e g r a t e d  fo rm  o f  e q u a t i o n  4 . 1 1 )  p l o t t e d  
a g a i n s t  t  fo rm  a  s t r e . i g h t  l i n e .  F o r  t h e  r u n s  i n  w h ich  a d d e d  s a l t  i s  
p r e s e n t  no v a l u e  o f  IC w i l l  f a c i l i t a t e  a  s t r a i g h t  l i n e  p l o t  o f  v a l u e s  
o f  k ^ t  a g a i n s t  t .
Thus i t  i s  c l e a r  t h a t  r e a c t i o n  i n  th e  p r e s e n c e  o f  a d d e d  s a l t  
c a n n o t  be d e s c r i b e d  a s  s e c o n d  o r d e r  b e i n g  f i r s t  o r d e r  i n  e a c h  r e a c t a n t ,  
a c c o r d i n g  to  e q u a t i o n  4 . 1 ' i ,  K t a k i n g  a n y  p o s i t i v e  r e a l  v a l u e .  T h i s  
d o es  n o t  mean t h a t  t h e  r e a c t i o n  may n o t  be s e c o n d  o r d e r ,  b u t  o n l y  t h a t  
a s  s u c h  v a r i a t i o n  i n  t h e  c o n c e n t r a t i o n s  o f  t h e  r e a c t a n t s  i s  n o t  
d e s c r i b e d  by  e q u a t i o n  4 . 1 1 .
I t  i s  p o s s i b l e  to  i n t e r p r e t  t h e  e f f e c t  o f  added  s a l t  upon  t h e  
r e a c t i o n  a s  r e s u l t i n g  f rom  two o p p o s in g  e f f e c t s ,  1 ) a  p o s i t i v e  s a l t  
e f f e c t  a s  h a s  b e e n  fo u n d  f o r  t h e  e f f e c t  o f  s a l t s  upon t h e  r e a c t i o n  o f  
t e t r a e t h y l t i n  and  m e r c u r i c  c h l o r i d e ,  and  w h ic h  i s  p o s s i b l y  g i v i n g  
r i s e  t o  t h e  i n c r e a s e d  r a t e  i n  up t o  0*4 M s a l t  s o l u t i o n ,  f i g u r e s  19*4 
a n d  1 9 *3 ; an d ,  2 ) some a s  y e t  u n d e f i n e d  r e t a r d i n g  e f f e c t .
A s i m i l a r  i n c r e a s e  i n  r a t e  i s  o b s e r v e d  f o r  r e a c t i o n  o f
3b
t e t r a e t h y l t i n  v i i th  b o t h  m e r c u r i c  c h l o r i d e  and  m e r c u r i c  i o d i d e  f o r  
t h e  a d d i t i o n  o f  0 . 2  M Bu^NClO^, s e e  f i g u r e s  4 . 4  and  4 .5 »  m ig h t  
have  b e e n  e x p e c t e d ,
A p o s s i b l e  e x p l a n a t i o n  o f  t h e  a p p a r e n t  change  i n  m echan ism  f o r  
r e a c t i o n  i n  t h e  p r e s e n c e  o f  BujjNClO^ may l i e  i n  t h e  f o r m a t i o n  o f  some 
a l k y l m e r c u r i e  p e r c h l o r a t e .  I t  h a s  b e e n  o b s e r v e d  (126 )  t h a t  a l k y l -  
m e r c u r i c  p e r c h l o r a t e s  i n  s o l v e n t  a c e t i c  a c i d  u n d e rg o  s p o n ta n e o u s  
d e c o m p o s i t i o n  t o  y i e l d  m e t a l l i c  m e rc u ry  and  a c i d ;  t h e  r e a c t i o n  h a s  
b e e n  shown t o  be a  s im p le  s o l v o l y s i s  p r o c e e d i n g  th r o u g h  c a rb o n iu m  
i o n  (1 2 8 ,1 2 9 )#  An e q u i l i b r i u m  o f  t h e  fo rm  4 .1 5  w i t h  t h e  s u b s e q u e n t  
RHgl + rt RHgClO^ * 1 ^  4 .1 5
d e c o m p o s i t i o n  o f  t h e  a l k y l m e r c u r i e  p e r c h l o r a t e  w ould  l e a d  t o  an  
i n c r e a s i n g  c o n c e n t r a t i o n  o f  i o d i d e  i o n .  T h i s  i n  t u r n  w ou ld  l e a d  to  
t h e  f o r m a t i o n  o f  t h e  u n r e a c t i v e  s p e c i e s  H g l ^ " ’  ^ ( s e e  s e c t i o n  4 . 8 . a )  and  
r e t a r d  r e a c t i o n  a s  h a s  b e e n  c u r r e n t l y  o b s e r v e d .  The p r e s e n c e  o f  
m e t a l l i c  m e rc u ry  w ou ld  n o t  n e c e s s a r i l y  be o b s e r v e d  s i n c e  i t  s h o u l d  
b r i n g  a b o u t  t h e  c o n v e r s i o n  o f  m e r c u r i c  i o d i d e  t o  m e rc u ro u s  i o d i d e  
( 2 5 c ) .  The r e a c t i o n s  4 .1 6  t o  A .23 a r e  t h o s e  e n v i s a g e d  w i t h i n  t h i s  
s y s te m  on t h e  b a s i s  o f  t h e  above  s u g g e s t i o n s .
Et. Sn +. Hgl ----► Et,SnI + EtHgl 4.16*+ £ 3
Et^Snl + Hgl2 gsraas Et^Sn^ + Hgl^~^ 4.17
EtHgl + C I O^^ EtHgClO^ +. 4.18
EtHgClO^ ----* EtHg( + ) + C I O ^ ^  4.19
EtHg(+) -------- » Et( + ) + Hg° 4 . 2 0
Et^+^  + solvent  solvolysis products + H^ + ^4.21
Hg° * Hgl2 — — ► Hg2I 4 . 2 2
Hgl2 +. I(~) Hgl3(“) 4.23
8, The effect of added halide ion on the rate of reaction
a )  I o d i d e ^ i o n ^ a n d  t h e  r a t e  o f ^ r e a c t i o n  o f  t e t r a e t h y l t i n  and  ^ e ^ c u r i c
i o d i d e
F o r  t h i s  s t u d y  a  d e s i r e d  q u a n t i t y  o f  i o d i d e  i o n  was i n t r o d u c e d
i n t o  t h e  s o l v e n t  medium by th e  a d d i t i o n  o f  p o t a s s iu m  i o d i d e ,  t o  b r i n g
a b o u t  t h e  f o r m a t i o n  o f  t h e  s p e c i e s  H g l^ " * ^ :  I n  a c e t o n i t r i l e  t h e
2 +  /  —t h i r d  and  f o u r t h  s t e p w i s e  s t a b i l i t y  c o n s t a n t s  f o r  t h e  Hg / I  s y s te m
o 5a t  25 C have  b e e n  r e p o r t e d  (1 2 9 )  a s  9 x  10 and  *f0, r e s p e c t i v e l y *
The d e t a i l s  o f  e x p e r i m e n t s  i n  t h i s  s t u d y  a r e  g iv e n  i n  T a b le  19*6 .
Nc r e a c t i o n  was d e t e c t e d  i n  8580  m in u te s  o f  r e a c t i o n  t im e  t h u s
d e m o n s t r a t i n g  t h a t  t h e  s p e c i e s  H g l ^   ^ i s  n o t  an  i n f e c t i v e  e l e c t r o p h i l e
f o r  t h e  s u b s t i t u t i o n  o f  t e t r a e t h y l t i n  i n  s o l v e n t  a c e t o n i t r i l e *
b )  C h lo r i d e  io n _ a n d _ th e  r a t e ^ o f  r e a c t i o n ^ o f  t e t r a e t h j / L t i n ^ a n d
m e r c u r i c  c h l o r i d e
F o r  t h i s  s t u d y  i t  was i n t e n d e d  t h a t  a  d e s i r e d  q u a n t i t y  o f
c h l o r i d e  i o n  s h o u ld  be i n t r o d u c e d  i n t o  t h e  s o l v e n t  medium t o  b r i n g
a b o u t  t h e  f o r m a t i o n  o f  t h e  s p e c i e s  H g C l ^ " ^ :  I n  a c e t o n i t r i l e  t h e
2 +  —t h i r d  and  f o u r t h  s t e p w i s e  s t a b i l i t y  c o n s t a n t s  f o r  th e  Hg / C l  s y s te m  
a t  25°C h ave  b e e n  r e p o r t e d  ( 1 2 9 ) a s  10^ and  1*7  x  10^ ,  r e s p e c t i v e l y *  
However, no a n h y d ro u s  and  n o n - h y g r o s c o p ic  c h l o r i d e  s a l t  t h a t  was 
s u f f i c i e n t l y  s o l u b l e  i n  a c e t o n i t r i l e  t o  g iv e  a  6 x  10 M s o l u t i o n  
was a v a i l a b l e ,  and  t h u s  p r e s e n t e d  some d i f f i c u l t y  a s  t o  how t h e  
r e q u i r e d  amount o f  c h l o r i d e  i o n  c o u ld  be  i n t r o d u c e d  i n t o  t h e  s o l v e n t  
medium* T h i s  d i f f i c u l t y  was overcom e* w i t h  t h e  u s e  o f  t h e  a n h y d r o u s ,  
n o n - h y g r o s c o p i c ,  c r y s t a l l i n e  s a l t ,  te t ra m e th y la m m o n iu m  t r i c h l o r o -  
m e r c u r a t e ,  Me^LTHgCl^, by  w h ich  e q u im o la r  q u a n t i t i e s  o f  HgCl^ an d  Cl^*"^ 
* We a r e  g r a t e f u l  t o  T ,R .  S p a l d i n g  f o r  t h e  s o l u t i o n  t o  t h i s  d i f f i c u l t y .
i o n  c o u ld  be i n t r o d u c e d  i n t o  s o l u t i o n *  U n f o r t u n a t e l y ,  t h e  s p e c im e n
o f  t h i s  s a l t  w h ich  was p r e p a r e d  a s  d e s c r i b e d  i n  s e c t i o n  8 . 3 *c ,  p a g e
2 2 8 , c o n t a i n e d  some f r e e  m e r c u r i c  c h l o r i d e  and  r e s u l t s  o f  i t s
e s t i m a t i o n  a r e  g i v e n  i n  t h a t  s e c t i o n *
The i n i t i a l  c o n c e n t r a t i o n s  o f  ( t o t a l )  m e rc u ry  i n  t h e  k i n e t i c  r u n s
i n  t h i s  s t u d y ,  num bers  56  and  57» ( s e e  T a b le  13*10 , p ag e  259) h ave
b e e n  c a l c u l a t e d  and  t h e  v a l u e s  o f  k 0t  c a l c u l a t e d  i n  t h e  u s u a l  m anner-
2
have b e e n  p l o t t e d  a g a i n s t  v a l u e s  o f  t  a s  shown i n  f i g u r e s  1 3 *"!? '13 • 2 , 
13*^ and  13*5j p a g e s  260 and 2 6 1 . I n  b o t h  r u n s  t h e r e  h a s  b e e n  some 
o v e r a l l  r e t a r d a t i o n  o f  r e a c t i o n  s u c h  t h a t  t h e  g r e a t e r  t h e  c o n c e n t r a t ­
i o n  o f  HgCl_^~^ th e  g r e a t e r  t h e  r e t a r d a t i o n .  I t  h a s  b e e n  c a l c u l a t e d  
t h a t  a f t e r  7080  m in u te s  o f  r e a c t i o n  t im e  o n ly  31% ( r u n  5 6 ) a n d  32%
( r u n  5 7 ) o f  m e r c u r i c  c h l o r i d e  ad d ed  a s  t h e  t r i c h i o r o m e r c u r a t e  s a l t  
h a s  r e a c t e d ,  w h e re a s  u n d e r  t h e  same c o n d i t i o n s  t h i s  t im e  c o r r e s p o n d s  
to  83  h a l f - l i v e s  o f  r e a c t i o n  w i t h  m e r c u r i c  c h lo r id e .*  T h i s  s t r o n g l y  
i n d i c a t e s  t h a t  t h e  s p e c i e s  H g C l^   ^ i s  n o t  an  e f f e c t i v e  e l e c t r o p h i l e  
f o r  t h e  s u b s t i t u t i o n  o f  t e t r a e t h y l t i n  i n  s o l v e n t  a c e t o n i t r i l e ,  b u t  
t h a t  t h e  e f f e c t i v e  e l e c t r o p h i l e  i s  m e r c u r i c  c h l o r i d e .
T a k in g  i n t o  a c c o u n t  t h e  ( s i m i l a r )  v a l u e s  o f  t h e  r a t e  c o n s t a n t s
f o r  t h e  s u b s t i t u t i o n  o f  t e t r a e t h y l t i n  by  m e r c u r i c  c h l o r i d e  an d
m e r c u r i c  i o d i d e  i n  s o l v e n t  a c e t o n i t r i l e  a t  25°C , i * e .  1*12  an d  2 *0 ^
-1  —11  m ole m in  , and  t h e  s i m i l a r  v a l u e s  o f  t h e  c o r r e s p o n d i n g  e q u i l i b r i u m
6 5c o n s t a n t s  f o r  t h e  p r o c e s s  4-.2^f, i . e .  10 and  9 x  10 , i t  i s  p e r h a p s
HgX = = = S  HgX2 +. X( - )  4 . 2 4
s u r p r i s i n g  t h a t  any  o f  t h e  m e r c u r i c  c h l o r i d e  ad d ed  a s  t h e
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t r i c h l o r o m e r c u r a t e  s a l t  s h o u ld  have  r e a c t e d  i n  v ie w  o f  t h e  a b s e n c e  o f
r e a c t i o n  w i t h  m e r c u r i c  i o d i d e  p r e s e n t  a s  t h e  t r i i o d o m e r c u r a t e .
When v a l u e s  o f  k ^ t  f o r  r u n  57 w ere  c a l c u l a t e d  u s i n g  t h e  i n i t i a l
c o n c e n t r a t i o n  o f  m e r c u r i c  c h l o r i d e  a s  t h a t  o f  t h e  f r e e  HgCl^ p r e s e n t ,
t h e  p l o t  o £  k ^ t  a g a i n s t  t  y i e l d e d  a  c u rv e  o f  c o n t i n u a l l y  i n c r e a s i n g
s l o p e ,  f i g u r e  13*3? Pa ge 2 6 0 .  The s l o p e  o f  t h i s  c u rv e  a t  t h e  o r i g i n
•*•■1 —1( t im e  t  = 0 ) i s  1 .1  1 m ole m in an d  c o r r e s p o n d s  q u i t e  w e l l  w i t h  t h e
-1  -1p r e v i o u s l y  fo u n d  v a l u e  o f  1*12  1 m ole  m in f o r  r e a c t i o n  b e tw e e n
t e t r a e t h y l t i n  and  m e r c u r i c  c h l o r i d e .  The a p p a r e n t  i n c r e a s e  i n  r a t e
w xth  i n c r e a s i n g  t im e  seem s t h e r e f o r e  t o  a r i s e  f rom  a  s e c o n d a r y
r e a c t i o n . .  A s i m i l a r  a n a l y s i s  on r u n  5& gave  a  v a l u e  o f  lz^ -■ 5*^
-1  -11  m ole m in  , some f o u r  t i m e s  h i g h e r  t h a n  t h e  a n t i c i p a t e d  v a l u e .
T h is  s u g g e s t s  t h a t  i n i t i a l l y  t h e r e  i s  some r e a c t i o n  r e m o v in g  i n o r g a n i c  
m e r c u r y ( I I )  f rom  s o l u t i o n  ev e n  f a s t e r  t h a n  t h e  i d e n t i f i e d  r e a c t i o n  and  
c o n t r a s t s  c o m p le t e ly  w i t h  p r e v i o u s  d e d u c t i o n s .
I t  i s  n o t  f e a s i b l e  t o  a n a l y s e  t h e  p r e s e n t  d a t a  f u r t h e r  w i t h o u t
a d d i t i o n a l  e x p e r i m e n t a l  r e s u l t s .  P r o d u c t  a n a l y s e s  c o u ld  p r o b a b l y
th ro w  some l i g h t  on t h e  p ro b le m  and  i t  i s  r e g r e t t e d  t h a t  t h e s e  w ere
o m i t t e d  i n  t h e  o r i g i n a l  w o rk .
9* The e f f e c t  o f  ad d ed  w a te r  on t h e  r a t e  o f  t h e  r e a c t i o n  b e tw e e n
t e t r a e t h y l t i n  a n d 'm e r c u r i c  c h l o r i d e  
The a d d i t i o n  o f  w a te r  t o  t h e  r e a c t i o n  medium c a u s e d  a n  i n c r e a s e  
i n  t h e  r a t e  o f  t h e  r e a c t i o n  o f  t e t r a e t h y l t i n  and  m e r c u r i c  c h l o r i d e  a t  
25a C| s e e  T a b le  13*11* p age  2 6 2 .  A g r a p h  o f  a g a i n s t  [ w a t e r ]
i s  p r e s e n t e d  i n  f i g u r e  4-. 6 , w here  k™ and  k °  a r e  t h e  s e c o n d  o r d e r  r a t e  
c o n s t a n t s  i n  t h e  p r e s e n c e  and  i n  t h e  a b s e n c e  o f  w a t e r ,  r e s p e c t i v e l y .  
The e f f e c t  o f  ad d e d  w a te r  and  o f  a d d ed  s a l t  a r e  q u a l t i t a t i v e l y  t h e
£ 
<M| O-CM
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1.2
[ w a t e r ]  m o le  1  ^
F i g u r e  4 . 6 ,  Graph o f  v a l u e s  o f  k^f/k^ p l o t t e d  a g a i n s t  v a l u e s  o f  t h e  
c o n c e n t r a t i o n  o f  w a t e r  f o r  t h e  s u b s t i t u t i o n  o f  t e t r a e t h y l t i n  b y
m e r c u r i c  c h l o r i d e .
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same f o r  t h e  r e a c t i o n :  An i n c r e a s e  i n  r a t e  w i t h  i n c r e a s i n g  p o l a r i t y
o f  t h e  s o l v e n t  medium ( i n  t h i s  c a s e  a c h i e v e d  by  t h e  a d d i t i o n  o f  w a t e r )  
i s  e x p e c t e d  f o r  r e a c t i o n  t h a t  i s  p r o c e e d i n g  by a  t r a n s i t i o n  s t a t e  
w h ich  i s  more p o l a r  t h a n  t h e  i n i t i a l  s t a t e s  (lA-b).
S i m i l a r  s o l v e n t  medium e f f e c t s  have  b e e n  r e p o r t e d  f o r  r e a c t i o n  
a t  *fO°C i n  s o l v e n t  m e th a n o l  (33 )*
The e f f e c t  o f  ad d ed  w a te r  upon t h e s e  r e a c t i o n s  i s  o p p o s i t e  t o  
t h a t  r e p o r t e d  by  R o b e r t s  (1 2 2 )  f o r  t h e  c l e a v a g e  o f  a l l y l g e r m a n e s  by  
m e r c u r i c  s a l t s .  The l a t t e r  r e a c t i o n s  o b ey ed  s e c o n d  o r d e r  k i n e t i c s ,  
b e i n g  f i r s t  o r d e r  w i t h  r e s p e c t  t o  b o t h  s u b s t r a t e  and e l e c t r o p h i l e ,  
and  a l t h o u g h  m echan ism  S„2^ was t h e  one f a v o u r e d  by t h e  A u th o r  
f o r  r e a c t i o n ,  m echanism  S ^ 2 (o p e n )  c o u ld  n o t  be  e x c l u d e d .
10 .  The e f f e c t  o f  c h a n g in g  th e  e l e c t r o p h i l e
The r a t e  c o n s t a n t s  f o r  r e a c t i o n  b e tw e e n  t e t r a e t h y l t i n  and  
m e r c u r i c  c h l o r i d e ,  m e r c u r i c  i o d i d e  and  m e r c u r i c  a c e t a t e  a t  23°C i n  
s o l v e n t  a c e t o n i t r i l e  w h ich  i s  8 .3 3  x 10 m o la r  i n  a c e t i c  a c i d  h a v e  
b e e n  g iv e n  i n  T a b le  2 0 . 1 ,  p ag e  2 8 3 . The p r e s e n c e  o f  t h e  a c e t i c  a c i d  
h a s  a p p a r e n t l y  had  l i t t l e  e f f e c t  upon th e  r a t e  c o n s t a n t s  f o r  r e a c t i o n  
i n v o l v i n g  m e r c u r i c  c h l o r i d e  an d  m e r c u r i c  io d id e . ,  s e e  T a b le s  13*3 an d  
1 9 .1 ,  p a g e s  25^- and 279; by a n a lo g y  i t s  e f f e c t  upon t h e  r a t e  c o n s t a n t  
f o r  r e a c t i o n  i n v o l v i n g  m e r c u r i c  a c e t a t e  may be c o n s i d e r e d  s m a l l ,  and  
t r e n d s  shown by t h e  r e s u l t s  may be  r e g a r d e d  a s  a p p l y i n g  t o  s o l v e n t  
p u r e  a c e t o n i t r i l e .
Change o f  m e r c u r i c  s a l t  r e v e a l s d  t h e  f o l l o w i n g  r e a c t i v i t y  
s e q u e n c e  ( r e l a t i v e  r a t e s  i n  p a r e n t h e s e s )
H g(0A c)2 ( k A 9 ) .  > H g l2 (1 .8 * 0  > HgCl2 ( 1 . 0 0 )  > H g l ^ ^  ( 0 .0 0 )
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I t  i s  i n t e r e s t i n g  t h a t  t h i s  s e q u e n c e  i s  n o t  i n  t h e  o r d e r  o f  d e c r e a s i n g  
i o n i c i t y  o f  t h e  m e r c u r i c  s a l t s  and  t h i s  w i l l  be d i s c u s s e d  i n  s e c t i o n  
*f.12, p ag e  102 . I t  d i f f e r s  f ro m  t h a t  f o u n d  (3 3 )  f o r  r e a c t i o n  i n  96% 
aq  m e th a n o l  b o t h  i n  o r d e r  and  m a g n i tu d e  o f  r e l a t i v e  r a t e s :
Hg(0Ae) 2 (1 3 3 )  > HgCl2 ( 1 .0 0 )  > H glg  ( 0 .6 7 )  > H g l ( 0 . 0 0 )
The a c t i v a t i o n  p a r a m e t e r s  f o r  t h e  r e a c t i o n  b e tw e e n  t e t r a e t h y l t i n  
and b o t h  m e r c u r i c  c h l o r i d e  and  m e r c u r i c  i o d i d e
F i r s t l y ,  a t t e n t i o n  i s  draw n t o  t h e  r a t e  c o n s t a n t s  f ro m  w h ic h  t h e  
a c t i v a t i o n  p a r a m e t e r s  h av e  b e e n  c a l c u l a t e d .  C o n f id e n c e  ( b a s e d  upon 
th e  number o f  d e t e r m i n a t i o n s )  can  be p l a c e d  i n  t h e  v a l u e s  f o r  f o r  
r e a c t i o n  i n v o l v i n g  m e r c u r i c  c h l o r i d e  a t  23 and  60°C, w h e re a s  l e s s  
c o n f id e n c e  m ust be p l a c e d  i n  t h a t  a t  4-0° C# A g r a p h  o f  log^Q  ^  
p l o t t e d  a g a i n s t  1 /T  i s  a  co n ca v e  c u rv e  a l t h o u g h  a  s t r a i g h t  l i n e  can  
be  drawn t o  p a s s  w i t h i n  one s t a n d a r d  d e v i a t i o n  o f  e a c h  r a t e  c o n s t a n t  
(o' i s  t a k e n  a s  2 . 5 $  o f  i n  e a c h  c a s e ) .  C o n s e q u e n t ly ,  a c t i v a t i o n  
p a r a m e t e r s  c a l c u l a t e d  f o r  t h e  t e m p e r a t u r e  r a n g e  23  t o  60°C s h o u l d  be 
r e g a r d e d  a s  th e  m o s t  r e l i a b l e .
The v a l u e s  o f  f o r  r e a c t i o n  i n v o l v i n g  m e r c u r i c  i o d i d e  t h a t
h av e  b e e n  u s e d  a r e  p r o b a b l y  a l l  lo w e r  t h a n  t h e y  s h o u ld  b e ,  a s  i s
i n s t a n c e d  by  t h e  v a l u e  o f  1 . 3 & 1 m ole m in  to k e n  f o r  k^  a t  23  C
1 *“1com pared  w i t h  t h e  v a l u e  o f  2 *0 ^ 1 m ole m in fo u n d  i n  e a r l i e r  
e x p e r im e n t s *  However, t h e  v a l u e s  s e l e c t e d  w ere  t h o s e  o b t a i n e d  u s i n g  
th e  same b a t c h  o f  s o l v e n t  and r e l a t i v e l y  t h e y  s h o u ld  be  o f  t h e  c o r r e c t  
m a g n i tu d e .  A .g ra p h  o f  I o g ^ Q k^  p l o t t e d  a g a i n s t  1/T  i s  a  c o n v e x  c u r v e ,  
i n  c o n t r a s t  t o  t h a t  fo u n d  f o r  r e a c t i o n  i n v o l v i n g  m e r c u r i c  c h l o r i d e ,  
b u t  a g a i n  a  s t r a i g h t  l i n e  can  be draw n t o  p a s s  w i t h i n  one s t a n d a r d
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d e v i a t i o n  o f  e a c h  r a t e  c o n s t a n t .  The a c t i v a t i o n  p a r a m e t e r s  c a l c u l a t e d
f o r  t h e  d i f f e r e n t  t e m p e r a t u r e  r a n g e s  a r e  f a i r l y  s i m i l a r  b u t  s h o u l d  a l l
be  r e g a r d e d  w i t h  some d i s c r e t i o n .
The a c t i v a t i o n  p a r a m e t e r s  f o r  t h e  r e a c t i o n  o f  t e t r a e t h y l t i n ,  w i t h
m e r c u r i c  c h l o r i d e  a r e  g iv e n  i n  T a b le  13*6 , p ag e  257» und w i t h  m e r c u r i c
i o d i d e  a r e  g iv e n  i n  T a b le  19*^» p ag e  281•
The a c t i v a t i o n  e n t r o p i e s  ( d e t e r m in e d  f o r  t h e  t e m p e r a t u r e  r a n g e
25  t o  b 0 ° 0 )  f o r  t h e  r e a c t i o n  o f  t e t r a e t h y l t i n  w i t h  m e r c u r i c  c h l o r i d e
-1and m e r c u r i c  i o d i d e  i n  a c e t o n i t r i l e  a r e  - 3 ' l *1 and  - 31*2  c a l  deg
-1  dm ole , r e s p e c t i v e l y .  T h ese  v a l u e s  o f  AS s u g g e s t  t h a t  t h e  t r a n s i t i o n  
s t a t e  r e s e m b l e s  t h e  r e a c t a n t s  t o  a  s i m i l a r  e x t e n t  i n  b o t h  c a s e s .  F o r  
t h e  same r e a c t i o n s  i n  s o l v e n t  aq  m e th a n o l  t h e  c o r r e s p o n d i n g
J .  m . l \  m . - ' i
v a l u e s  o f  AS a r e  -2^f,5  “ 30 c a l  deg  m ole (3 3 )  t o  w h ich  J o h n s t o n
( 3 3 ) h a s  s u g g e s t e d  t h e  i n t e r p r e t a t i o n  t h a t  t h e r e  i s  g r e a t e r  s o l v a t i o n
i n  th e  g ro u n d  s t a t e  o f  m e r c u r i c  c h l o r i d e  t h a n  o f  m e r c u r i c  i o d i d e  i n
96/0 aq  m e th a n o l .  By t h e  same i n t e r p r e t a t i o n  m e r c u r i c  c h l o r i d e  and
m e r c u r i c  i o d i d e  s h o u ld  be s i m i l a r l y  s o l v a t e d  i n  t h e i r  g ro u n d  s t a t e s
i n  s o l v e n t  a c e t o n i t r i l e .
I t  h a s  i n  f a c t  b e e n  shown t h a t  i n  s o l v e n t  m e th a n o l  m e r c u r i c
i o d i d e  i s  u n s o l v a t e d  ( 1 3 0 ) w h e re a s  m e r c u r i c  c h l o r i d e  i s  i n  e q u i l i b r i u m
w i t h  t h e  d im e t h a n o l a t e  (HgC1^.2I4eOH) (1 3 /1»132).  F u r th e r . ,  i t  h a s  b e e n
shown t h a t  i n  s o l v e n t  a c e t o n i t r i l e  HgCl^ and  HgBr^ a r e  u n s o l v a t e d  ( 1 3 3 ) 1
and  i t  i s  q u i t e  l i k e l y  t h a t  H gl^  i s  a l s o  u n s o l v a t e d  i n  t h i s  s o l v e n t .
—-1 —1The v a l u e s  o f  -2 6  and  -3 2  c a l  deg  m ole f o r  t h e  e n t r o p i e s  o f  
a c t i v a t i o n  f o r  th e  s u b s t i t u t i o n  o f  t e t r a e t h y l t i n  by  m e r c u r i c  c h l o r i d e  
and  by  m e r c u r i c  i o d i d e  i n  s o l v e n t  a c e t o n i t r i l e  a r e  c o m p a t ib l e  w i t h  
b o t h  m echan ism  S ^ 2 (o p e n )  and S ^ ,2 ( c y c l i c )  i n  t h e  l i g h t  o f  an  a n a l y s i s  
o f  e n t r o p i e s  o f  a c t i v a t i o n  by Abraham and  S p a l d i n g  (3 3 )*  I n  t h i s
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a n a l y s i s  i t  w as shown t h a t  e n t r o p i e s  o f  t h e  same m a g n i tu d e  had  b e e n  
fo u n d  f o r  r e a c t i o n s  t h a t  w ere  c la im e d  to  p r o c e e d  by  e i t h e r  o f  t h e s e  
m e c h a n is m s .
The e n t h a l p y  o f  a c t i v a t i o n  f o r  r e a c t i o n  i n v o l v i n g  m e r c u r i c
^  o —1c h l o r i d e  i n  s o l v e n t  a c e t o n i t r i l e  (AH' , 2 5 -6 0  C = 11 #3 kGal m ole )
i s  lo w e r  t h a n  i n  s o l v e n t  m e th a n o l  (AH , 2 5 -4 0  C =- 1 4 .3 5  k c a l  m ole  ) •  
I t  i s  p o s s i b l e  t o  e s t a b l i s h  w h e th e r  t h i s  i s  due t o  s o l v e n t  e f f e c t s  on 
t h e  r e a c t a n t s  o r  on t h e  t r a n s i t i o n  s t a t e  ( o r  on b o t h )  t h r o u g h  e q u a t i o n  
4 . 2 5  ( 4 5 ) ,  w here  Ali°( ) r e p r e s e n t s  t h e  e n t h a l p y  o f  t r a n s f e r  f ro m
AH°(Tr) = AH^(Et^Sn) +. AH°(HgCl^) + AH^  -  AH^  h.25
m e th a n o l  ( s o l v e n t  1) t o  a c e t o n i t r i l e  ( s o l v e n t  2 )  o f  s p e c i e s  X, V a lu e s
o f  A H °(E t^S n) ,  1 .1 5  k c a l  m ole  \  and  A H ^ H g C l^ ) ,  1 .6 5  k c a l  mole*~^,
have  b e e n  d e t e r m in e d  c a l o r i m e t r i c a l l y .  The e n t h a l p y  o f  t r a n s f e r
c a l c u l a t e d  from  e q u a t i o n  4 .2 5  i s  - 0 , 2 5  k c a l  m ole •
The change  from  s o l v e n t  m e th a n o l  t o  s o l v e n t  a c e t o n i t r i l e  e f f e c t s
an  i n c r e a s e  i n  t h e  e n t h a l p y  o f  t h e  r e a c t a n t s .  The t r a n s i t i o n  s t a t e
J
i s  l i t t l e  a f f e c t e d  a l t h o u g h  u s e  o f  t h e  l e s s  r e l i a b l e  v a l u e s  o f  AH  ^
f o r  t h e  t e m p e r a t u r e  r a n g e  25 -40°C  ( 1 0 .5  k c a l  m o le " ^ )  w ou ld  g i v e  t h e  
v a l u e  o f  AH^(Tr) o f  -Q .8 5  k c a l  mole c o r r e s p o n d i n g  t o  s t a b i l i s a t i o n  
o f  t h e  t r a n s i t i o n  s t a t e  i n  s o l v e n t  a c e t o n i t r i l e .
^ 2 .  M echanism  o f  t h e  r e a c t i o n  b e tw e e n  t e t r a e t h y l t i n  and  m e r c u r i c
s a l t s
The r e a c t i o n  b e tw e e n  t e t r a e t h y l t i n  and  m e r c u r i c  c h l o r i d e  o v e r  a. 
w ide  r a n g e  o f  i n i t i a l  c o n c e n t r a t i o n s  i n  s o l v e n t  a c e t o n i t r i l e  h a s  b e e n  
shown to  p r o c e e d  by t h e  r a t e  d e t e r m i n i n g  b i m o l e c u l a r  s t e p  4 . 2 6 .
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B t^ S n  *  HgCl2 — ~2—» E t  SnCl + EtHgCl. 4 .2 6
A u n i m o l e c u l a r  p r o c e s s ,  f o r  exam ple  m echan ism  S^,1 ( s e e  p a g e  13) i 
i s  t h e r e b y  e x c l u d e d .  I n  a d d i t i o n ,  a  f r e e  r a d i c a l  p r o c e s s  h a s  b e e n  
r u l e d  o u t  s i n c e  t h e r e  i s  no change  i n  t h e  r a t e  c o n s t a n t  i f  1 : 4  d i -  
h y d ro x y b e n z e n e  i s  ad d ed  t o  t h e  r e a c t i o n  medium.
T h e re  have  b e e n  p r o p o s e d  ( 1 6 ) two d i s t i n c t  m echan ism s f o r  
b i m o l e c u l a r  e l e c t r o p h i l i c  s u b s t i t u t i o n ,  one i n v o l v i n g  a  c y c l i c  
t r a n s i t i o n  s t a t e  w i th  ( i d e a l l y )  no s e p a r a t i o n  o f  c h a rg e  and  t h e  o t h e r  
ix iv o lv in g  an  open  t r a n s i t i o n  s t a t e  i n  w h ic h  c h a r g e  s e p a r a t i o n  i s  
p r e s e n t ;  t h e s e  m e ch an ism s ,  d e n o te d  S g 2 ( c y c l i c )  and  S g 2 (o p e n )  
r e s p e c t i v e l y ,  a r e  more f u l l y  d e s c r i b e d  i n  s e c t i o n  1 . 3 »b, p a g e  1 3 *
I t  h a s  b e e n  p resu m ed  (3 1 )  t h a t  t h e s e  two m echan ism s c o u l d  b e  
d i s t i n g u i s h e d  by  t h e  e f f e c t  upon e a c h  o f  c h a n g in g  t h e  p o l a r i t y  o f  
t h e  s o l v e n t ,  en  i n c r e a s e  i n  s o l v e n t  p o l a r i t y  b e i n g  b r o u g h t  a b o u t  by 
t h e  a d d i t i o n  o f  s a l t  o r  o f  a  more p o l a r  s o l v e n t :  The more p o l a r  t h e  
s o l v e n t  becom es th e  g r e a t e r  w ould  be t h e  s t a b i l i s a t i o n  o f  a  t r a n s i t i o n  
s t a t e  i n  w h ich  t h e r e  was s e p a r a t i o n  o f  c h a r g e ,  a s  i n  Sr ,2 ( o p e n ) ,  an d  a njh
i n c r e a . s e  i n  t h e  r a t e  o f  r e a c t i o n  s h o u ld  r e s u l t .  On t h e  o t h e r  h a n d  a  
c y c l i c  t r a n s i t i o n  s t a t e  w ould  be n e i t h e r  s t a b i l i s e d  n o r  d e s t a b i l i s e d  
and  no ch an g e  i n  r a t e  s h o u ld  r e s u l t ,  J e n s e n  and  R ic k b o rn  (2 3 d )  h ave  
s u g g e s t e d  t h a t  an  i n c r e a s e  i n  r a t e  o f  r e a c t i o n  b r o u g h t  a b o u t  by  th e  
a d d i t i o n  o f  s a l t s  may i n  some c a s e s  ( 2 3 e )  be  due t o  a n i o n  e x c h a n g e .
I f  t h i s  i s  so  t h e n  t h e  s a l t  e f f e c t  c r i t e r i o n  by  w h ich  t h e  o p e n  and  
c y c l i c  m echan ism s have  b e e n  d i s t i n g u i s h e d  i s  no l o n g e r  w h o l ly  v a l i d ;  
t h e  e f f e c t  o f  p o l a r  c o - s o l v e n t  w ould  t h e n  by  t h e  o n ly  c r i t e r i o n  by  
w h ich  to  d i s t i n g u i s h  t h e s e  m echan ism s a l t h o u g h  J e n s e n  and  R ic k b o r n  
a p p a r e n t l y  r e c o g n i s e  none ( 23 f ) «
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I n  t h e  p r e s e n t  w ork  a n  i n c r e a s e  i n  t h e  r a t e  o f  s u b s t i t u t i o n  o f  
t e t r a e t h y l t i n  by m e r c u r i c  c h l o r i d e  i n  s o l v e n t  a c e t o n i t r i l e  h a s  b e e n  
o b s e r v e d  when th e  p o l a r i t y  o f  t h e  s o l v e n t  h a s  b e e n  i n c r e a s e d  by  t h e  
a d d i t i o n  o f  e i t h e r  w a te r  o r  i n e r t  s a l t s #  A s i m i l a r  e f f e c t  h a s  b e e n  
o b s e r v e d  f o r  t h e  r a t e  o f  s u b s t i t u t i o n  by m e r c u r i c  i o d i d e  upon th e  
a d d i t i o n  o f  up t o  0 . 4  mole 1 Bu^NClO^. A c c o rd in g  to  t h e  I n g o l d  
t h e o r y  o f  medium e f f e c t s  t h i s  i n d i c a t e s  t h a t  r e a c t i o n  p r o c e e d s  
th r o u g h  a  p o l a r  t r a n s i t i o n  s t a t e  w i t h  some s e p a r a t i o n  o f  c h a r g e  and  
s u g g e s t s  t h a t  m echan ism  S ^ 2 (o p e n )  i s  o p e r a t i n g .
F o r  t h e  s u b s t i t u t i o n  o f  t e t r a e t h y l t i n  by v a r i o u s  m e r c u r i c  s a l t s  
i n  s o l v e n t  a c e t o n i t r i l e  t h e  s e q u e n c e  o f  r a t e s  4 c 27  h a s  b e e n  f o u n d .
Hg(0Ac.)2 > BgX2  > HSC1 2  > If* 27
As p r e v i o u s l y  m e n t io n e d ,  t h e  a d d i t i o n  o f  w a te r  t o  t h e  s o l v e n t  
a c c e l e r a t e s  t h e  s u b s t i t u t i o n  by  m e r c u r i c  c h l o r i d e  and s u g g e s t s  t h a t  
r e a c t i o n  i s  p r o c e e d i n g  by m echanism  S.,-,2 ( o p e n ) ; t h e  s u b s t i t u t i o n  byiii
o t h e r  m e r c u r i c  s a l t s  was n o t  exam ined  f o r  t h i s  e f f e c t .  A p o s i t i v e  
s a l t  e f f e c t  was e x h i b i t e d  f o r  t h e  s u b s t i t u t i o n  by m e r c u r i c  c h l o r i d e ,  
a n d ,  a s  f a r  a s  can  be a s c e r t a i n e d ,  by m e r c u r i c  i o d i d e .
The a c t i v a t i o n  e n t r o p i e s  f o r  t h e  s u b s t i t u t i o n  o f  t e t r a e t h y l t i n  
by b o t h  m e r c u r i c  c h l o r i d e  and  m e r c u r i c  i o d i d e  a r e  c o n s i s t e n t  w i t h  a  
b i m o l e c u l a r  r e a c t i o n  p r o c e e d i n g  by  e i t h e r  m echan ism  S g 2 (o p e n )  or.
Sr, 2 ( c y c l i c ) .iii
Added h a l i d e  i o n  s t r o n g l y  i n h i b i t e d  r e a c t i o n  o f  t e t r a e t h y l t i n  
w i t h  m e r c u r i c  c h l o r i d e  and  p r e v e n t e d  r e a c t i o n  w i t h  m e r c u r i c  io d id e - ,  
sh o w in g  t h a t  t h e  t r i h a l o m e r c u r a t e  i o n  was n o t  an  e f f e c t i v e  e l e c t r o p h i l e  
f o r  t h e  r e a c t i o n  i n  a c e t o n i t r i l e .  T h i s  i o n  lro u ld  be e x p e c t e d  to
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r e a c t  by  a n  S „ 2 ( c y c l i c )  m echanism  o r  ev e n  by  an  8 ^ 2 ( c o o r d )  m echanism
h i iii
( s e e  p ag e  1 6 ) w i t h  a  c o n s e q u e n t  i n c r e a s e  i n  r a t e  o v e r  t h a t  w i t h  
m e r c u r i e  h a l i d e  i f  t h e  l a t t e r  r e a c t e d  by  m echan ism  S g 2 (o p e n )  ow ing  
t o  t h e  s u p p o s e d  r o l e  o f  t h e  e x t r a  h a lo g e n  atom  a s  a  b r i d g i n g  a tom  
i m p a r t i n g  n u c e l o p h i l i c  a s s i s t a n c e  t o  t h e  r e a c t i o n ;  l 'n g o ld  ( 2 8 ) ,
I f  m e r c u r i c  h a l i d e  r e a c t e d  by  a  c y c l i c  m echan ism  t h e n  r e a c t i o n  w i t h
m ig h t  more l i k e l y  p r o c e e d  by  m echan ism  Sr ,2( c o o r d ) ; t h e  e f f e c t5  iii
upon t h e  r a t e  i n  t h i s  c a s e  can  o n ly  be  g u e s s e d  t o  be a n  a c c e l e r a t i o n ;
I t  i s  c o n c lu d e d  t h a t  r e a c t i o n  w i t h  m e r c u r i c  c h l o r i d e  p r o c e e d s  
tn r o u g h  m echanism  £ g 2 (o p e n )  b u t  t h a t  i n s u f f i c i e n t  i n f o r m a t i o n  i s  
a v a i l a b l e  t o  e n a b l e  m e c h a n i s t i c  d e f i n i t i o n  f o r  r e a c t i o n  w i t h  m e r c u r i c  
i o d i d e  o r  a c e t a t e *  However, i t  seem s q u i t e  l i k e l y  t h a t  m echan ism  
S g 2 (o p e n )  o p e r a t e s  f o r  s u b s t i t u t i o n  by a l l  t h e s e  m e r c u r i c  s a l t s  a s  
h a s  b e e n  fo u n d  ( 3 3 ) f o r  t h e s e  r e a c t i o n s  i n  m e th a n o l / i ^ a t e r  m ix tu re s * .
The p a r t i c u l a r  r e a c t i v i t y  s e q u e n c e  4 , 2 7  o b s e r v e d  and  t h e  . . 
s u g g e s t e d  S.-,2(open) m echanism  f o r  s u b s t i t u t i o n s  i n  a c e t o n i t r i l e  a r eiii
o f  i n t e r e s t  i n  t h e  l i g h t  o f  s i m i l a r  w ork :
I n g o l d  and  c o w o rk e rs  (3 1 )  h av e  f o u n d . t h a t  f o r  r e a c t i o n  4 . 2 8
i n  s o l v e n t  e t h a n o l  t h e  r a t e  in c re & n o s  w i t h  i n c r e a s i n g  i o n i c i t y  o f  t h e  
e l e c t r o p h i l e  ( s e e  T a b le  4 , 2 )  so  t h a t
They have  s u g g e s t e d  t h a t  t h i s  i s  t o  be  e x p e c t e d  f o r  an  o pen  t r a n s i t i o n
Bu^Hg +. HgX2 -------- * 2BuSHgX 4 . 2 8
Hg(N0 ) 2 > H g(0A c)? > HgBr2 '+ .29
s t a t e  b u t  n o t  f o r  a  c l o s e d  o n e ,  and  have  p r o p o s e d  m echanism  S ^ 2 (o p e n )  
on t h e s e  g ro u n d s#  T h e i r  p r o p o s a l  was s u p p o r t e d  by t h e  f a c t  t h a t  t h e  
s p e c i e s  LiHgBr^ was a .w e a k e r  e l e c t r o p h i l e  t h a n  HgBr^#
Rausch, and  Van M azer (3 0 )  have  d e t e r m in e d  t h e  r a t e  s e q u e n c e s  f o r  
t h e  c l e a v a g e  o f  d im e th y lm e r c u r y  by  m e r c u r i c  c h l o r i d e ,  b ro m id e  and  
i o d i d e  i n  s o l v e n t s  m e th a n o l  and  d io x a n .  The r e s u l t s  shown i n  T a b le  4 . 2  
r e v e a l  t h a t  a l t h o u g h  t h e  more i o n i c  s a l t  r e a c t s  f a s t e r  i n  m e th a n o l  
t h i s  i s  n o t  s t r i c t l y  t h e  c a s e  f o r  s o l v e n t  d io x a n ,  m e r c u r i c  b ro m id e  
r e a c t i n g  f a s t e r  t h a n  m e r c u r i c  c h l o r i d e  i n  t h i s  s o l v e n t #  The m echan ism  
o f  t h e s e  s u b s t i t u t i o n s  i s  p r o b a b l y  S g 2 (o p e n )  i n  s o l v e n t  m e th a n o l  and  
8^ 2 ( c y c l i c )  i n  s o l v e n t  d io x a n  ( 7b ) .
T a b le  4-.2
R e l a t i v e  r e a c t i v i t i e s  o f  m e r c u r i c  s a l t s  i n  b i m o l e c u l a r  e l e c t r o p h i l i c
s u b s t i t u t i o n r e a c t i o n s
S u b s t r a t e s o l v e n t  r e l a  
3&=I
. t i v e
Br
r e a c t i v i t y  
Cl OAc
o f  HgX2 
N0 _
t r a n s • 
s t a t e
r e f s
Me^Hg m e th a n o l  1 6 21 - - a.o pen 30
Bu®Hg e t h a n o l 1 - 73 4000 o pen 28
E t .  Sn t - b u t a n o l  1 - 3 . 6 346 - o p en 46
Me^Hg d io x a n  1 2 . 3 1 .7 - - c y c l i c a  50
E t^S n 85/oaq m e th a n o l  1 - 1 .7 216 - o pen 3 3 ,^ 6
E t^S n 96%nq m e th a n o l  1 - 1 .3 203 - o pen 3 2 , 3 3 , W
E t^S n m e th a n o l  1 - ■1.3 247 open 3 3 ,^ 6
E t^ S n  a c e t o n i t r i l e  1 
a  S u g e s te d  by M.E. Abraham, r e f  7b
0*3
•
2 . 4  - o pen t h i s  w ork
The r e c e n t  s t u d i e s  o f  S p a l d i n g  ( 3 2 ) ,  J o h n s t o n  (3 3 )  an d  B eh b ah a n y  
(4 6 )  show t h a t  f o r  t h e  b i m o l e c u l a r  s u b s t i t u t i o n  o f  t e t r a e t h y l t i n  by
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m e r c u r i c  s a l t s  i n  m e t h a n o l / w a t e r  and  m e t h a n o l / t - b u t a n o l  m i x t u r e s  
r e a c t i v i t y  s e q u e n c e  4 .3 0  i s  f o l l o w e d  ( s e e  T a b le  4 . 2 ) ,
Hg(0Ao)2 »  HgCl2  > H g l2 > (H g l = 0 )  k.JO
and  t h e  r a t e s  o f  s u b s t i t u t i o n  i n c r e a s e  a s  t h e  p o l a r i t y  o f  t h e  s o l v e n t  
i s  i n c r e a s e d .  U sing  t h e  c r i t e r i o n  o f  t h e  p o l a r  c o - s o l v e n t -  e f f e c t  
t h e n  t h e s e  s u b s t i t u t i o n s  i n  h y d r o x y l i c  s o l v e n t s  p r o c e e d  by  m echan ism  
S g 2 ( o p e n ) .  A p o s i t i v e  k i n e t i c  s a l t  e f f e c t  was o b s e r v e d  f o r  t h e  
c h l o r i d e  and  i o d i d e  i n  t h e s e  s o l v e n t s  w henever  e x a m in e d .
I t  h a s  b e e n  p o i n t e d  o u t  (? b )  t h a t  s e q u e n c e  4*3*1 i s  f o l l o w e d  f o r
Hg(N0 >2 > Hg(0Ac) 2 > HgClg > HgBr-2 > H glg i f . 31
r e a c t i o n s  c a r r i e d  o u t  i n  h y d r o x y l i c  s o l v e n t s  and  s i n c e  t h e s e  p r o b a b l y  
a l l  p r o c e e d  by m echanism  S ^ 2 (o p e n )  t h e r e  a p p e a r s  t o  be  a  c o r r e l a t i o n  
b e tw e e n  s e q u e n c e  and  s u b s t i t u t i o n  by m echanism  S ^ 2 ( o p e n ) .  S e q u e n c e  
4*31 d o es  n o t  h o ld  f o r  r e a c t i o n s  i n  t h e  n o n - h y d r o x y l i c  so3 .ven t 
a c e t o n i t r i l e  and  h en ce  th e  o b s e r v e d  s e q u e n c e  i s  n o t  i n  a c c o r d  w i t h  
th e  p o s t u l a t e d  r e l a t i o n s h i p  b e tw e e n  s e q u e n c e  4 .3 1  and m echan ism  
S g 2 ( o p e n ) .  T h is  h a s  l e a d  Abraham (7 b )  t o  s u g g e s t  t h a t  t h e  r e l a t i v e  
e l e c t r o p h i l i c  pow er o f  t h e  v a r i o u s  m e r c u r i c  s a l t s  m ig h t  w e l l  d ep e n d  
upon t h e  p a r t i c u l a r  s o l v e n t  and  s u b s t r a t e  u s e d ,  and  t h a t  s e q u e n c e  
4 .3 1  may o n ly  be  r e g a r d e d  a s  an  i n d i c a t i o n  o f  m echan ism  S ^ 2 ( o p e n ) .
13* Summary o f  t h i s  s e c t i o n  l e a d i n g  to  t h e  g e o m e try  o f  t h e  t r a n s i t i o n
s t a t e
The s t o i c h i o m e t r y  o f  th e  s u b s t i t u t i o n  o f  t e t r a e t h y l t i n  by
m e r c u r i c  s a l t s  i n  s o l v e n t  a c e t o n i t r i l e  i s  r e p r e s e n t e d  by e q u a t i o n  4 .3 2 *
E t^ S n  + IigX2 — ~ 2 - »  Et^SnX  + EtHgX 4 .3 2
The s u b s t i t u t i o n  o f  t e t r a e t h y l t i n  by  m e r c u r i c  i o d i d e  i s  f o l l o w e d  
by a  r a p i d  r e v e r s i b l e  r e a c t i o n  o f  t h e  fo rm  4 .33*  b u t  no c o m p a ra b le
r e a c t i o n  was d e t e c t e d  when m e r c u r i c  c h l o r i d e  o r  a c e t a t e  was u sed*  
K i n e t i c  s a l t  e f f e c t s  i n d i c a t e d  t h a t  s u b s t i t u t i o n s  b y  m e r c u r i c  
c h l o r i d e  and  by m e r c u r i c  i o d i d e  p r o c e e d e d  th r o u g h  an  o pen  t r a n s i t i o n  
s t a t e ;  p o l a r  c o - s o l v e n t  e f f e c t  s t u d i e s  on t h e  r e a c t i o n  i n v o l v i n g  
m e r c u r i c  c h l o r i d e  l e a d  t o  t h e  same r e s u l t .
S i m i l a r  f i n d i n g s  h av e  b e e n  r e p o r t e d  f o r  t h e  s u b s t i t u t i o n  o f  
t e t r a e t h y l t i n  by m e r c u r i c  s a l t s  i n  s o l v e n t s  m e th a n o l  an d  t - b u t a n o l  
and  i t  i s  q u i t e  p o s s i b l e  t h a t  a l l  t h e s e  s u b s t i t u t i o n s  p r o c e e d  by 
m echanism  S g 2 ( o p e n ) .
I t  i s  c o n c lu d e d  t h a t  i n  s o l v e n t  a c e t o n i t r i l e  t h e  r e a c t i o n  o f  
t e t r a e t h y l t i n  w i t h  m e r c u r i c  c h l o r i d e  and  w i t h  m e r c u r i c  i o d i d e  p r o c e e d s  
by  m echan ism  S g 2 ( o p e n ) ,  and  p o s s i b l y  t h e  same m echan ism  i s  o p e r a t i v e  
f o r  r e a c t i o n  w i t h  m e r c u r i c  a c e t a t e  a l t h o u g h  no e x p e r i m e n t s  h a v e  b e e n  
p e r fo rm e d  t o  show t h i s .
The r e a c t i v i t y  s e q u e n c e  4 .3 4  o b t a i n s  a l t h o u g h  s e q u e n c e  4 . 3 5  bas-
E ty S n l  +. H g l2 ^svssSt E t  Sn ( + ) * H g l3 ( - ) 4.33
% ( 0 A c ) 2 > H gl2 > HgCl2 > = 0 ) 4 . 3 4
Hg(0Ao) 2 > HgCl2 > H g l2 > (HgX =. 0 ) 4 . 3 5
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b e e n  f o u n d  f o r  t h i s  r e a c t i o n  i n  s o l v e n t s  m e t h a n o l ,  m e t h a n o l / w a t e r  and  
t - b u t a n o l .
I n g o l d  and  o o w o r k e r s  h a v e  c l a i m e d  ( 2 8 ) t h a t  a  s e q u e n c e  o f  
i n c r e a s i n g  i o n i c i t y  o f  t h e  m e r c u r y - a n i o n  b o n d ,  s u c h  a s  i s  sh o w n  b y  
s e q u e n c e  *f.35? i s  e v i d e n c e  f o r  m e c h a n is m  S g 2 ( o p e n ) ,  and  t h e y  ( 3 1 ) 
h a v e  u s e d  s e q u e n c e  f o u n d  f o r  t h e  s u b s t i t u t i o n  o f  d i a l k y l m e r c u r i e s
b y  a l k y l m e r c u r i c  s a l t s  a s  t h e  b a s i s  f o r  t h e i r  p o s t u l a t i o n  o f  m e c h a n is m .  
J e n s e n  an d  P . ic k b o r n  ( 2 5  ) h a v e  c r i t i c i s e d  t h e  a b o v e  a r g u m e n t  f r o m  th e .  
v i e w p o i n t  t h a t  t h e s e  a n i o n s  a r e  s t r u c t u r a l l y  t o o  d i s s i m i l a r  i n  t h a t  
som e l e n d  t h e m s e l v e s  t o  f o r m i n g  c y c l i c  t r a n s i t i o n  s t a t e s  w h i l e  o t h e r s  
do n o t .  The r e s u l t s  do n o t  a l l o w  a  c h o i c e  t o  b e  made b e t w e e n  a n  o p e n  
o r  c y c l i c  t r a n s i t i o n  s t a t e  f o r  s u c h  a  s e r i e s  o f  r e a c t i o n s .
R e a e n t l y ,  I n g o l d  ( 1 3 ^ )  h a s  am ended  t h e  t h e o r y  b y  s u g g e s t i n g  t h a t  
i t  i s  o n l y  l a r g e  c h a n g e s  i n  r a t e ,  i . e .  c h a n g e s  o f  a  f a c t o r  o f  tw o  o r  
m o r e ,  t h a t  a r e  s i g n i f i c a n t ,  and  fr o m  a  s t u d y  o f  t h e  s u b s t i t u t i o n  o f  
m e t h y l t r i p h e n y l p h o s p h i n e  g o l d ( I )  b y  m e r c u r i c  s a l t s  I n g o l d  an d  c o w o r k e r s  
r e p o r t  ( 13^ ) t h e  r e a c t i v i t y  s e q u e n c e s  ^ . 3 7 ,  ^#38  and  ^-*39 f o r  s o l v e n t s  
d i o x a n ,  a c e t o n e  an d  d i m e t h y l s u l p h o x i d e , r e s p e c t i v e l y .
BuSIIgN0^ > Bus HgOAc > BuS HgBr > BuS HgBr.^ ^ .3 6
H g ( 0 A c ) 2 ( - 5 5 ) > H g I 2 ( 2 , 1 5 ) > H g B r 2 ( 1 . 9 5 ) > H g C l 2 ( 1 . 0 0 ) , ^ . 3 7
HgBr2 ( 1 . 1 8 ) > HgCl2 ( 1 . 0 0 ) ,  ^ .3 8
MeEgNO ( > 5 2 0 0 ) >  MeHgl ( 3 . 7 7 )  > MeHgBr ( 1 . 5 1 ) >MeHgOAc ( 1 . Q 9 ) >
MeHgCl ( 1 . 0 0 ) .  ^ .3 9
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I t  i s  a p p a r e n t  t h a t  t h e r e  i s  no one s e q u e n c e  t h a t  c o r r e l a t e s  
w i th  m echan ism  S .g2(open) s i n c e  t h e  e l e c t r o p h i l i c i t y  o f  t h e  s u b s t i t u t i n g  
a g e n t  c h a n g e s  w i t h  t h e  s o l v e n t .  I t  i s  p e r h a p s  s i g n i f i c a n t  t h a t  f o r  
h y d r o x y l i c  s o l v e n t s  o n ly  s e q u e n c e s  o f  t h e  ty p e  ^*35  h ave  b e e n  o b s e r v e d ,  
w h e re a s  f o r  n o n - h y d r o x y l i c  s o l v e n t s  o n ly  o t h e r  s e q u e n c e s  h av e  b e e n  
r e p o r t e d .  I t  may b e ,  a s  s u g g e s t e d  by  Abraham ( 7 b ) ,  t h a t  i n  h y d r o x y l i c  
s o l v e n t s  s e q u e n c e s  o f  t h e  t y p e  ^f.3 5  do c o r r e l a t e  w i t h  m echanism  
S ^ 2 ( o p e n ) .
F o r  t h e  p r e s e n t  how ever i t  i s  c o n c lu d e d  t h a t  t h e  r e a c t i v i t y  
s e q u e n c e  p r e s e n t s  no r e l i a b l e  e v id e n c e  f o r  a  p a r t i c u l a r  m e ch an ism .
S t e r e o c h e m i c a l  s t u d i e s  h ave  shown t h a t  i n  g e n e r a l ,  r e a c t i o n s  o f  
t h e  Sg2 ty p e  p r o c e e d  w i t h  r e t e n t i o n  o f  c o n f i g u r a t i o n .  One s t u d y  seem s 
to  show t h a t  i n v e r s i o n  o f  c o n f i g u r a t i o n  i s  more f a v o u r a b l e  t h a n  
r e t e n t i o n  o f  c o n f i g u r a t i o n  i n  S _ 2 . However, t h e  v e r y  s p e c i a l  s t r u c t u r eht
o f  t h e  s u b s t r a t e  em ployed  by t h e  A u th o r s  (1 3 5 )  r e n d e r s  t h e i r  
c o n c l u s i o n s  d i f f i c u l t l y  e x t e n d a b l e  to  o t h e r  s y s t e m s  ( 13&).
F o r m a l l y ,  f o r  r e a c t i o n  p r o c e e d i n g  by m echan ism  S g2 (o p e n )  t h e  
t r a n s i t i o n  s t a t e  w ould  be d e s c r i b e d  t h u s :
5 +
•SnE t..  '
• 5
E t : # )
• r  5 -
*HgX2
A more d e t a i l e d  c o n s i d e r a t i o n  o f  t h e  t r a n s i t i o n  s t a t e ,  t a k i n g  
i n t o  a c c o u n t  t h e  bond l e n g t h s  and  b o n d in g  a n g l e s  i s  d e a l t  w i t h  i n  
s e c t i o n  6 , p ag e  1 2 6 .
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SECTION 3
THE REACTION BETWEEN TETRAALKYLTINS AND MERCURIC CHLORIDE IN SOLVENT
ACETONITRILE
1 • I n t r o d u c t i o n
Abraham and  K i l l  ( 1 8 ,7 a )  h ave  a n a l y s e d  g ro u p  e f f e c t s  i n
b i m o l e c u l a r  a l i p h a t i c  e l e c t r o p h i l i c  s u b s t i t u t i o n  r e a c t i o n s  an d  have
c o r r e l a t e d  t h e  r e a c t i v i t y  s e q u e n c e s  w i t h  p r o p o s e d  m echan ism s o f
r e a c t i o n .  They have  s u g g e s t e d  t h a t  a  s t e r i c  s e q u e n c e  o f  r e a c t i v i t y  
xi zLMe > E t  > P r  > P r  was c h a r a c t e r i s t i c  o f  m echanism  S ^ 2 (o p e n )  w h e re a s  
a  p o l a r  s e q u e n c e  o f  r e a c t i v i t y  Me < E t  > P r 11 < P r 1 was c h a r a c t e r i s t i c  
o f  m echanism  S g 2 ( c o o r d ) ;  b e tw e e n  t h e s e  two e x t re m e  s e q u e n c e s  v/ere 
ex am p les  o f  h y b r i d  s e q u e n c e s  o f  r e a c t i v i t y  w h ich  w ere  c o n s i d e r e d  t o  
be  c h a r a c t e r i s t i c  o f  m echan ism  .5^2 ( c y c l i c ) .
S in c e  i t  h a s  b e e n  c o n c lu d e d  t h a t  t h e  s u b s t i t u t i o n  o f  t e t r a e t h y l t i n  
by  m e r c u r i c  c h l o r i d e  i n  s o l v e n t  a c e t o n i t r i l e  p r o c e e d s  by  m echan ism  
S g 2 (o p e n )  i t  w ould  be o f  i n t e r e s t  t o  f i n d  t h e  c o r r e s p o n d i n g  r e a c t i v i t y  
s e q u e n c e  f o r  a  s e r i e s  o f  t e t r a a l k y l t i n s  t o  s e e  i f  i t  c o m p l ie s  w i t h  the- 
St-,2 r u l e  o f  Abraham and  H i l l ,
2 ,  K i n e t i c  s t u d i e s
The r e s u l t s  o f  t h e  k i n e t i c  s t u d i e s  o f  t h e  r e a c t i o n  b e tw e e n  
t e t r a a l k y l t i n s  and  m e r c u r i c  c h l o r i d e  i n  s o l v e n t  a c e t o n i t r i l e  a r e  
g iv e n  i n  s e c t i o n s  13 t o  1 8 , p a g e s  231 t o  2 7 9 *
I t  h a s  b e e n  shown i n  s e c t i o n  h t h a t  r e a c t i o n  f o r  t e t r a e t h y l t i n  
was s e c o n d  o r d e r ,  f i r s t  o r d e r  i n  e a c h  r e a c t a n t ,  and  p r o c e e d e d  by  
m echan ism  S ^ 2 ( o p e n ) ,  S p a ld i n g  ( 3 2 ) ,  i n  h i s  s t u d y  o f  t h e  s u b s t i t u t i o n
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o f  t e t r a a l k y l t i n s  [R ^ S n :  R = Me, E t ,  P r n , Bu11, Bu1 ] by  m e r c u r i c
i o d i d e  i n  s o l v e n t  96% aq  m e th a n o l ,  showed i n  e a c h  c a s e  t h a t  r e a c t i o n
was s e c o n d  o r d e r ,  b e i n g  f i r s t  o r d e r  i n  e a c h  r e a c t a n t ,  J o h n s t o n  (33)>
f o r  h i s  s t u d y  o f  th e  s u b s t i t u t i o n  o f  t h e  same t e t r a a l k y l t i n s  by
m e r c u r i c  c h l o r i d e  i n  m e t h a n o l / w a t e r  m i x t u r e s  a s  s o l v e n t ,  f o u n d  i t
s u f f i c i e n t  t o  d e m o n s t r a t e  t h e  o r d e r  o f  r e a c t i o n  i n  t h e  c a s e  o f  one
t e t r a a l k y l t i n ,  nam ely  t e t r a e t h y l t i n ,  t h e  s e c o n d  o r d e r  r a t e  e q u a t i o n
b e i n g  s t r i c t l y  o beyed  f o r  a l l  t e t r a a l k y l t i n s  i n  a l l  s o l v e n t s  u s e d .
J o h n s t o n ^  exam ple  h a s  b e e n  f o l l o w e d  i n  t h e  p r e s e n t  w ork  and  i t  h a s
s i m i l a r l y  b e e n  fo u n d  t h a t  t h e  s e c o n d  o r d e r  r a t e  e q u a t i o n  h a s  b e e n
s t r i c t l y  obeyed  f o r  a l l  t e t r a a l k y l t i n s  i n  s o l v e n t  a c e t o n i t r i l e .
R a te  c o n s t a n t s  have  b e e n  d e t e r m in e d  f o r  r e a c t i o n  o f  m e r c u r i c
c h l o r i d e  xvith a  s e r i e s  o f  t e t r a a l k y l t i n s  [Rj^Sm R -  Me, E t ,  P r 11, Bu11,
P r 1 , Bu1] a t  23°C and  i n  some c a s e s  [R — Me, E t ,  Bu1] a t* 6 0 ° C  a s  w e l l .
F o r  t h e s e  d e t e r m i n a t i o n s  t h e  i n i t i a l  c o n c e n t r a t i o n s  o f  r e a c t a n t s  w ere
*2u s e d  i n  t h e  same p r o p o r t i o n s ,  b e i n g  g e n e r a l l y  0 . 6  x  10 M HgCl^ an d  
- 20 . 9  x  10 M R^Sn; i n  t h e  c a s e  o f  t e t r a m e t h y l t i n  t h e  h i g h  r a t e  o f
s u b s t i t u t i o n  n e c e s s i t a t e d  t h e  u s e  o f  much lo w e r  c o n c e n t r a t i o n s
( 0 . 7  x  10 5 M HgCl^ and  1 .0 3  x  10 ^  M M e^Sn), and  i n  t h e  c a s e  o f
t e t r a . - i s o - p r o p y l t i n  t h e  lo w  r a t e  o f  s u b s t i t u t i o n  n e c e s s i t a t e d  t h e  u s e
—2o f  t h e  h i g h e s t  p o s s i b l e  c o n c e n t r a t i o n s  (3 * 3  x  10 M HgC1^  a n d  4 . 9 5  x  
10 M P r ^ S n ) . The c a l i b r a t i o n  te rm s  u s e d  i n  t h e  d e t e r m i n a t i o n  o f  
r e a c t a n t s  i n  r e a c t i o n  i n v o l v i n g  t e t r a e t h y l t i n  w ere  em ployed  f o r  t h e  
o t h e r  t e t r a a l k y l t i n s  on a c c o u n t  o f  t h e  f i x e d  i n i t i a l  c o n c e n t r o . t i o n s  
o f  r e a c t a n t s  (an d  p resu m ed  s i m i l a r  o p t i c a l  p r o p e r t i e s  o f  t h e  r e a c t a n t ,  
and  p r o d u c t  h o m o lo g u es )  e x c e p t  i n  t h e  c a s e s  o f  t e t r a m e t h y l t i n  and  
t e t r a - i s o - p r o p y l t i n :  F o r  t h e  f o r m e r  a  m o d i f i e d  q u e n c h in g  p r o c e d u r e
and r e d e t e r m i n e d  c a l i b r a t i o n  te rm s  w ere  u s e d ,  and  f o r  t h e  l a t t e r . ,  u s e
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o f  0*2  cm c e l l s  and  a  f a c t o r  c o r r e c t i o n  t o  t h e  o r i g i n a l  c a l i b r a t i o n  
te rm s  w ere  a d e q u a t e .
G e n e r a l l y  b e tw e e n  t e n  and  f i f t e e n  r u n s  w ere  p e r f o r m e d  f o r  t h e  
a c c u r a t e  d e t e r m i n a t i o n  o f  e a c h  r a t e  c o n s t a n t .  Good k i n e t i c  p l o t s  o f  
k ^ t  a g a i n s t  t  w ere  o b t a i n e d  from  t h e  s o l u t i o n  o f  t h e  i n t e g r a t e d  fo rm  
o f  t h e  s e c o n d  o r d e r  r a t e  e q u a t i o n ;  e q u a t i o n  *f-.6, p age  79* ( I n  t h e  
COMPUTER PROGRAMS s e c t i o n  on p ag e  32*f ( s e e  PROGRAMS 1 and  2 ) ,  a  
t y p i c a l  exam ple  o f  e x p e r i m e n t a l  d a t a  and  r e s u l t s ,  i n c l u d i n g  a  p l o t  o f  
k ^ t  a g a i n s t  t ,  i s  g i v e n . )  O c c a s i o n a l l y ,  a  low  v a l u e  f o r  t h e  r a t e  
c o n s t a n t  w ould  s t a n d  o u t  i n  a  c o m p le te  s e t  o f  r a t e  c o n s t a n t  v a l u e s  
and t h i s  w ould  be r e j e c t e d  on t h e  b a s i s  t h a t  t h e  r e q u i r e d  r a t e  
c o n s t a n t  was t h e  c o n s i s t e n t l y  h i g h e s t  v a l u e  ( s e e  p ag e  8 5 )*
P r o d u c t  a n a l y s e s  o f  r e a c t i o n  m i x t u r e s  by T .L .C .  g e n e r a l l y  showed 
tv;o p r o d u c t s  w h ich  f o r  two c a s e s  (R — E t ,  Bu11) w ere  p o s i t i v e l y  
i d e n t i f i e d  a s  t h e  t r . i a l k y l t i n  c h l o r i d e  and  t h e  a l k y l m e r c u r i e  c h l o r i d e .  
I n  t e t r a m e t h y l t i n  r e a c t i o n  m i x t u r e s  o n ly  one p r o d u c t ,  m e t h y lm e r c u r i c  
c h l o r i d e ,  was o b s e r v e d .  T r i m e t h y l t i n  c h l o r i d e  c o u ld  n o t  be d e t e c t e d  
e i t h e r  a s  an  a u t h e n t i c  s am p le  o r  a s  a  p o s s i b l e  p r o d u c t  on  a c c o u n t  (3 3 )  
o f  i t s  h i g h  v o l a t i l i t y  and  c o n s e q u e n t  l o s s  f ro m  t h e  c h r o m a to g r a p h i c  
p l a t e .  I n  t e t r a . - i s o - p r o p y l t i n  r e a c t i o n  m i x t u r e s  t h e  two p r o d u c t s  
r e v e a l e d  by T .L .C .  a r e  u n l i k e l y  t o  h ave  r e s u l t e d  from  t h e  s u b s t i t u t i o n  
o f  t e t r a - i s o - p r o p y l t i n  by m e r c u r i c  c h l o r i d e  (a s s u m in g  no r e a c t i o n  
o c c u re d  upon  t h e  c h ro m a to g ra p h ic ,  p l a t e  i t s e l f )  s i n c e  a l m o s t  no 
r e a c t i o n  had  b e e n  d e t e c t e d ;  r a t h e r  t h e y  a r e  m o s t l i k e l y  t o  h av e  
r e s u l t e d  from  t h e  o x i d a t i o n  o f  t h e  t i n  compound, w h ich  c o u ld  a c c o u n t  
f o r  t h e  more i n t e n s e l y  c o l o u r e d  s p o t s  ( i n d i c a t i n g  h i g h e r  c o n c e n t r a t i o n s  
o f  p r o d u c t s )  r e s u l t i n g  f rom  t h e  r e a c t i o n  m i x t u r e  i n  an  o p en  v e s s e l  
com pared  w i t h  t h e  c o r r e s p o n d i n g  s p o t s  f o r  a  c l o s e d  v e s s e l .
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I n  T a b le  5*1 a r e  su m m a rised  t h e  r e s u l t s  o f  th e  q u a l i t a t i v e  and  
s e m i - q u a n t i t a t i v e  a n a l y s e s  o f  r e a c t i o n  p r o d u c t s .  E x c e p t  i n  t h e  c a s e  
o f  t e t r a - i s o - p r o p y l t i n  t h e  p r o d u c t s  o f  r e a c t i o n  have g e n e r a l l y  b e e n  
shown to  be  t h e  t r i a l k y l t i n  c h l o r i d e  an d  t h e  a l k y I m e r c u r i e  c h l o r i d e ,  
and  s e m i - q u a n t i t a t i v e  r e c o v e r i e s  o f  t h e  a l k y l m e r c u r i c  c h l o r i d e  o f  
b e tw e e n  75  a ^d 90% have  b e e n  a c h i e v e d .
T a b le  5#1
th e  s u b s t i t u t i o n  o f  t e t r a a l k y l t i n s  by  m e r c u r i c  c h l o r i d e i n  s o l v e n t
a c e t o n i t r i l e
p r o d u c t s  i d e n t i f i e d  
by  T .L .C .  (R )
i s o l a t e d  p r o d u c t  (M .P t) ■ y i e l d  %
Me^Sn HellgCl ( 0 . 0 7 ) MeHgCl (170°C). S ¥ /o
E t^S n EtHgCl (0 * 1 2 ) EtHgCl (188°C ) 85%a
E t_S nC l ( 0 . 1 6 ) - -
P r^S n P r n HgCI ( 0 .2 7 ) Pr.n HgCl (144°C ) 75%
(P r^ S n C li  0 *5 1 ) b 
3
- -
BujJSh BunHgCl (0 .4-7) BunHgCl (128°C ) 89%
BuJSnCl ( 0 . 5 2 ) - -
P r^S n ( ? , 0 . 2 8 ) - -
*0 •4 o « -fc
* oo - -
Bu^Sn BunHgCl ( 0 .3 7 ) BunHgCl. (126°C ) 91%
(B iA snC l,  0 . 6 7 ) b3
- -
a  93% e s t i m a t e d  q u a n t i t a t i v e l y  by  E tH g l .  
b T e n t a t i v e  i d e n t i f i c a t i o n #
T a k in g  i n t o  c o n s i d e r a t i o n  t h e  good s e c o n d  o r d e r  p l o t s  o b t a i n e d j  
and  t h e  q u a l i t a t i v e  and  q u a n t i t a t i v e  p r o d u c t  a n a l y s e s ,  i t  was c o n c lu d e d
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t h a t  t h e  o n ly  r e a c t i o n  b e i n g  o b s e r v e d  f o r  th e  s u b s t i t u t i o n  o f  t e t r a ­
a l k y l t i n s  by m e r c u r i c  c h l o r i d e  i n  s o l v e n t  a c e t o n i t r i l e  was r e a c t i o n  5*1 •
R^Sn + HgCl2 — ~2—* R SnCl. +. RHgCl 5 .1
The mean v a l u e s  o f  t h e  r a t e  c o n s t a n t s  and  t h e  r a t e s  o f  r e a c t i o n  
r e l a t i v e  t o  t h e  r a t e  o f  t e t r a m e t h y l t i n  ( e x p r e s s e d  a s  1 0 0 ) f o r  a l l  
t h e  r e a c t i o n s  s t u d i e d  a r e  g iv e n  i n  T a b le  5 * 2 .
T a b le  5 . 2
R a te  c o n s t a n t s  and  r e l a t i v e  r a t e s  f o r  t h e  r e a c t i o n  b e tw e e n  
t e t r a a l k y l t i n s  and  m e r c u r i c  c h l o r i d e  i n  s o l v e n t  a c e t o n i t r i l e
R^Sn: R ^ Me E t  P r n •0 nBu Bu1 P r 1
25 -1  -1  k^  , 1  m ole min 169 1 .1 2 0  0 .2 5 5 0.274- 0.0704- ~ 10~6
r e l a t i v e  r a t e 100 O.6 6 3  0 .1 5 1 0 .1 6 2 0.04-16 ~ 6x 10~7
, 60 n . , - 1 . - 1  k 2 , 1 m ole m m 780 9.24- - 0 .8 2 7 -
r e l a t i v e  r a t e 100 1 .1 8 5 - 0 .1 0 6 -
3* The r e a c t i v i t y  s e q u e n c e ,  a c t i v a t i o n  p a r a m e t e r s ,  and  t h e  m echan ism
o f  r e a c t i o n
From T a b le  5*2 i t  can  be s e e n  t h a t  t h e  r e a c t i o n  o f  t e t r a a 3 . k y l t i n s  
[R — Me, E t ,  P r 11, Bun , Bu1 , Pr.1 ] w i t h  m e r c u r i c  c h l o r i d e  i n  s o l v e n t  
a c e t o n i t r i l e  f o l l o w s  t h e  r e a c t i v i t y  s e q u e n c e  5 *2 .
Me »  E t  > P r 11 ~  Bu11 > Bu1 »  P r 1  5 . 2
Now i t  h a s  b e e n  c o n c lu d e d  t h a t  t h e  r e a c t i o n  b e tw e e n  t e t r a e t h y l t i n
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and m e r c u r i c  c h l o r i d e  p r o c e e d s  by  m echan ism  S g 2 ( o p e n ) ,  and  i t  w ou ld  
g e n e r a l l y  be  assum ed  t h a t  t h i s  m echan ism  w ould  o p e r a t e  t h r o u g h o u t  t h e  
s e r i e s  o f  t e t r a a l k y l t i n  r e a c t i o n s  i n v e s t i g a t e d *  B ut i t  w ou ld  b e  
i n t e r e s t i n g  to  l o o k  a t  t h e  b a s i s  f o r  t h i s  a s s u m p t io n  more c l o s e l y :
A s i m i l a r ,  r e a c t i v i t y  s e q u e n c e  h a s  b e e n  fo u n d  f o r  t h e  s u b s t i t u t i o n  
o f  t e t r a a l k y l t i n s  by  m e r c u r i c  i o d i d e  i n  9 aq  m e th a n o l  ( 3 6 )» s e e  
T a b le  5*3* S t u d i e s  (37*38)  o f  th e  k i n e t i c  s a l t  e f f e c t  f o r  t h e  
s u b s t i t u t i o n  o f  t e t r a a l k y l t i n s  [R — E t ,  P r 11, Bu11 ] have  shown t h a t  
m echanism  S ^ 2 (o p e n )  o p e r a t e s ,  i . e .  r e a c t i o n  p r o c e e d s  t h r o u g h  t h e  
t r a n s i t i o n  s t a t e  I .  The r e l a t i v e  r a t e s  o f  s u b s t i t u t i o n  f o r  t h e s e
R R
l / R R\ » / R
t Sn R .S n .
•  •  •
r : ’ r :* * : i .
•  •  1
* ’ Hg— I  ' ‘ Eg-*
I  I
I. I I
p a r t i c u l a r  t e t r a a l k y l t i n s  v a r y  o n ly  by  a  f a c t o r  o f  s e v e n ,  w h e re a s  f ro m  
e t h y l  t o  m e th y l  t h e r e  i s  a o n e - h u n d r e d - a n d - f i f t y - f o l d  i n c r e a s e  i n  r a t e  
and  f ro m  e t h y l  t o  i s o - p r o p y l  a  f o r t y - t h o u s a n d - f o l d  d e c r e a s e  i n  r a t e ;  
can  t h e s e  r e l a t i v e  r a t e s  be  a c c o u n te d  f o r  on t h e  b a s i s  o f  one. t r a n s ­
i t i o n  s t a t e  o r  i s  a  ch an g e  i n  m echanism  a l o n g  t h e  s e r i e s  i n d i c a t e d ?  
T h i s  q u e s t i o n  can  be a n sw e re d  i n  t h e  f o l l o w i n g  way:
I n  t h e  same s y s te m  i t  was fo u n d  t h a t  m e t h y l - t r i - 11- b u t y l t i n  was 
s u b s t i t u t e d  a b o u t  t h r e e  t im e s  s lo w e r  t h a n  t e t r a m e t h y l t i n *  On t h e  
b a s i s  t h a t  t h e  same m echanism  o p e r a t e d  i n  b o t h  i n s t a n c e s  and  t h a t  th e  
r e l a t i v e  r a t e s  w ere  a  r e s u l t  o f  v a r i o u s  n o n -b o n d e d  i n t e r a c t i o n s ,  i t
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was shown ( 3 6 ) t h a t  i n t e r a c t i o n s  b e tw e e n  t h e  a l k y l  g ro u p  u n d e r g o in g
a
s u b s t i t u t i o n  and  t h e  a tom s o f  t h e  l e a v i n g  g ro u p  m ust  a c c o u n t  f o r  
a  l a r g e  p a r t  o f  t h e  s t e r i c  r e t a r d a t i o n  o b se rv e d *
T a b le  5«3
R e l a t i v e  r a t e s  o f  s u b s t i t u t i o n  o f  t e t r a a l k y l t i n s  by  m e r c u r i c  s a l t s  i n
v a r i o u s  s o l v e n t s
M ercu ry
s a l t
s o l v e n t
Me^Sn E t^ S n
t e t r a a l k y l t i n s  
P r^ S n  Bu^Sn Bu^Sn PrJjBn
But 0H 100 0 i1 3 0 0.024-0 0 .0 1 6 1 0 .0 0 3 5
-if
< 1x 10
HgO 1 2 MeOH 100 0 .2 1 3 0.04-03 0 .0 3 9 6 0 .0 0 3 1 6
—6< 1x 10
HgCl2 96/oaq MeOH 100 0.24-3 0.04-37 0.04-03 0.00534- < 4 -x 1 0 ^
HgCI2 85$aq  MeOH 100 0 .3 2 7 0 .0 3 2 5 0.04-33 0 .0 0 5 2 6 < 1x 10~7
HgCXg MeCN 100 0 .6 6 3 0 .1 3 1 0 .1 6 2 0.04-16
—7~ 6 x 10
H gl2 96 /oaq MeOH 100 0 .6 7 0 0 .1 0 1 0 .1 0 7 0 .0 0 7 0 5 <2x 10~^
Now th e  d i s t a n c e  b e tw e e n  t h e  a l k y l  g ro u p  u n d e r g o in g  s u b s t i t u t i o n  
and  t h e  n e a r e s t  a l k y l  g ro u p  i n  t r a n s i t i o n  s t a t e  I I  i s  c o n s i d e r a b l y  
s h o r t e r  t h a n  i n  t r a n s i t i o n  s t a t e  I*  and  a t  t h e  s o r t  o f  d i s t a n c e s  
i n v o l v e d  ( a b o u t  3 2 )  c o r r e s p o n d s  to  a  much l a r g e r  n o n -b o n d e d  i n t e r ­
a c t i o n *  (On p ag e  133 i s  shown a  g r a p h  o f  t h e  m e t h y l / m e t h y l  n o n -b o n d e d  
i n t e r a c t i o n  t h a t  i s  u s e d  i n  t h i s  w ork ; i t  i l l u s t r a t e s  how, a t  
d i s t a n c e s  o f  a b o u t  3  2 ,  t h e  e n e rg y  o f  i n t e r a c t i o n  c h a n g e s  v e r y  r a p i d l y  
f o r  s m a l l  ch a n g e s  i n  t h e  m e th y l / m e th y l  s e p a r a t i o n * )  C o n s e q u e n t ly ,
* F o r  t h e  R . . . . S n  bond  l e n g t h  o f  2 .2 7  2 ,  HgRSn a n g l e  o f  8 9 ° ,  RSnR 
a n g l e s  i n  t h e  l e a v i n g  g ro u p  o f  109° 28* and  R-Sn bond  l e n g t h s  o f  
2*16 JL, t h e  d i s t a n c e s  b e tw e e n  t h e  c e n t r e s  o f  t h e  C a tom s o f  t h e  a l k y l  
g ro u p  u n d e r g o in g  s u b s t i t u t i o n  and  o f  t h e  n e a r e s t  a l k y l  g ro u p  o f  t h e  
l e a v i n g  g ro u p  a r e ,  f o r  t r a n s i t i o n  s t a t e  I ,  3*62 2 ,  and  f o r  t r a n s i t i o n  
s t a t e .  I I ,  2*73 2 .
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a. change  from  t r a n s i t i o n  s t a t e  I  t o  t r a n s i t i o n  s t a t e  I I  w ou ld  r e s u l t  
i n  a  p ro n o u n c e d  d e c r e a s e  i n  r a t e .  Thus t h e  h i g h e r  r a t e  o f  s u b s t i t u t i o n  
f o r  m e th y l  com pared  w i t h  e t h y l  c a n n o t  r e s u l t  from  r e a c t i o n  th r o u g h  
t r a n s i t i o n  s t a t e  I I ;  r a t h e r  i t  c o u ld  r e s u l t  f rom  th e  r e d u c e d  s t e r i c  
i n t e r a c t i o n  a r i s i n g  f rom  th e  a b s e n c e  o f . a n  a l p h a - m e t h y l  s u b s t i t u e n t  
on t h e  a t t a c k e d  c a rb o n  a to m , t h e  same t r a n s i t i o n  s t a t e  ( t r a n s i t i o n  
s t a t e  I )  a p p l y i n g  i n  b o t h  c a s e s .
I n  g o in g  f ro m  e t h y l  t o  n - p r o p y l  t h e r e  i s  a  s e v e n - f o l d  d e c r e a s e  
i n  r a t e ,  i . e .  a  s e v e n - f o l d  d e c r e a s e  i n  r a t e  r e s u l t i n g  f rom  t h e  
i n t r o d u c t i o n  o f  a  b e t a - m e t h y l  s u b s t i t u e n t ,  and  m echan ism  S g 2 (o p e n )  
i s  o p e r a t i v e  i n  b o t h  c a s e s .  The f o u r t e e n - f o l d  d e c r e a s e  i n  r a t e  i n  
g o in g  f rom  n - p r o p y l  t o  i s o - b u t y l ,  i . e .  r e s u l t i n g  from  t h e  i n t r o d u c t i o n  
o f  a  s e c o n d  b e t a - m e t h y l  s u b s t i t u e n t ,  i s  q u i t e  i n  k e e p i n g  w i t h  m echan ism  
S g 2 (o p e n )  f o r  t h e  s u b s t i t u t i o n  r e a c t i o n  o f  t e t r a - i s o - b u t y l t i n :
R e f e r e n c e  to  f i g u r e s  5 . 1a  and  5* 1k shows t h a t  i n  b o t h  n - p r o p y l  and  
i s o - b u t y l  t h e  b e t a - m e t h y l  s u b s t i t u e n t s  c a n  be acc o m o d a te d  i n  p o s i t i o n s  
f o r  w h ich  t h e r e  i s  l i t t l e  i n t e r a c t i o n  w i t h  t h e  0% a tom s o f  t h e  l e a v i n g  
g r o u p .
F i g u r e  5*1 • T r a n s i t i o n  s t a t e  models- f o r  t h e  s u b s t i t u t i o n  o f  t e t r a -  
n - p r o p y l t i n  and  t e t r a - i s o - b u t y l t i n  by  m e r c u r i c  i o d i d e  w i t h  t h e  b e t a -  
m e th y l  s u b s t i t u e n t s  o.n t h e  m oving  g ro u p s  i n  p o s i t i o n s  o f  lo w  i n t e r a c t i o n .
R e t u r n i n g  t o  t h e  e f f e c t  o f  t h e  a l p h a - m e t h y l  s u b s t i t u e n t s , t h e  
p r e s e n c e  o f  two s u c h  s u b s t i t u e n t s  a s  i n  i s o - p r o p y l  m ig h t  a t  f i r s t
SnBu!
H
( a ) (b )
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s i g h t  a p p e a r  t o  s u g g e s t  o n ly  a  t h r e e - h u n d r e d - f o l d  d e c r e a s e  i n  r a t e ,  
o f .  t h e  b e t a - m e t h y l  s u b s t i t u e n t s .  However, w h e re a s  one a l p h a  
s u b s t i t u e n t  can  be acc o m o d a te d  i n  a  p o s i t i o n  o f  r e l a t i v e l y  low  i n t e r ­
a c t i o n ,  f i g u r e  3 *2a ,  two s u c h  s u b s t i t u e n t s  c a n n o t ,  and  b o t h  a r e  f o r c e d  
i n t o  p o s i t i o n s  n e a r e r  t h e  e n t e r i n g  and  l e a v i n g  g r o u p s ,  f o r  i n s t a n c e  
a s  i n  f i g u r e  5 « 2 b .  I t  i s  t h u s  q u i t e  f e a s i b l e  t h a t  f o r  t h e  open  
t r a n s i t i o n  s t a t e ,  i s o - p r o p y l  c o u ld  r e a c t  f o r t y - t h o u s a n d  t i m e s  s l o w e r  
t h a n  e t h y l .
Me .S n E t_  .SnPr^T
\  /  3  /  5
i
H H gl2 Me. Hgl^
Me" /  Me
/  I \  i  /  /  \
E t-S i r  • “• • ‘ *0   *HgI0.........................P r^ S n ......... 0..........H g ln
.3 ' X  \ p / 2 3 X \  /  2
V  /  V  > l e
( a )  (b )
F i g u r e  5 * 2 .  T r a n s i t i o n  s t a t e  m o d e ls  f o r  t h e  s u b s t i t u t i o n  o f  t e t r a ­
e t h y l t i n  and t e t r a - i s o - p r o p y l t i n  by  m e r c u r i c  i o d i d e  w i t h  the .  a lp h a -  
m e th y l  s u b s t i t u e n t s  on t h e  m oving  g ro u p s  i n  p o s i t i o n s  o f  l o w e s t
i n t e r a c t i o n .
The a s s u m p t io n  t h a t  one m echan ism , m echanism  S g 2 ( o p e n ) ,  c o u l d  
o p e r a t e  t h r o u g h o u t  t h e  s e r i e s  o f  t e t r a a l k y l t i n  s u b s t i t u t i o n  r e a c t i o n s  
i n v e s t i g a t e d  by Abraham and  S p a l d i n g  ($ 6 )  t h u s  a p p e a r s  t o  be  
r e a s o n a b l y  f o u n d e d ,  and  may a l s o  be a p p l i e d  t o  t h e  r e s u l t s  o f  t h e  
p r e s e n t  w o rk .  F u r t h e r  e v id e n c e  s u p p o r t i n g  t h i s  c o n c e p t  i s  t o  be 
fo u n d  i n  th e  r a t e s  o f  s u b s t i t u t i o n  o f  t h e  same s e r i e s  o f  t e t r a a l k y l t i n s  
by  m e r c u r i c  c h l o r i d e ,  i n  s o l v e n t  m e t h a n o l / w a t e r  m i x t u r e s  ( 3 3 ) 1 As t h e  
i^ a te r  c o n t e n t  o f  t h e  s o l v e n t  i s  i n c r e a s e d  from  0 t o  Wo so  i n c r e a s i n g
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t h e  p o l a r i t y  o f  t h e  s o l v e n t ,  t h e  r a t e  o f  s u b s t i t u t i o n  o f  e a c h  t e t r a -  
a l k y l t i n *  i s  i n c r e a s e d  by  a  f a c t o r  o f  b e tw e e n  1 .7  and  1 .9 *  When th e  
w a te r  c o n t e n t  i s  i n c r e a s e d  t o  15% r a t e  i n c r e a s e s  o f  f ro m  4- .7  t o  7*3  
a r e  o b s e r v e d .  A g e o m e t r i c a l l y  s i m i l a r  t r a n s i t i o n  s t a t e  iv i th  s e p a r a t i o n  
o f  c h a r g e  i s  i n d i c a t e d  f o r  e a c h  o f  t h e s e  s u b s t i t u t i o n  r e a c t i o n s .
b )  A c t i v a t i o n  p a r a m e t e r s
The a c t i v a t i o n  p a r a m e t e r s  f o r  t h e  s u b s t i t u t i o n  o f  t e t r a a l k y l t i n s  
by m e r c u r i c  c h l o r i d e  i n  s o l v e n t  a c e t o n i t r i l e  a r e  p r e s e n t e d  i n  T a b le  5 * ^ .
T a b le  5.4-
A c t i v a t i o n  p a r a m e t e r s  f o r  r e a c t i o n  5 .1  i n  s o l v e n t  a c e t o n i t r i l e
R Me E t ■n nP r TJ nBu B u^ P r 1
AG293 16.84-0 1 9 .8 1 2 20.684- 20  .  64-2 21.4-51 >2 8 .0 0 0
AH298 8 .0 2 1 1 1 .3 0 8
- - 13 .3 0 1 2 0 . 000b
- tA s298 8 .8 1 9 8.304- - - 8 .1 5 0 8 . 000b
AS298 - 2 9 .3 7 8 -28 .324- - - - 2 7 .3 3 7 -2 8
a and  - 0& i n  k c a l mole ^ , Ag'1
4
i n  c a l —1deg m o le ; l i m i t s
o f  e r r o r  g iv e n  i n  T a b l e s  1 8 . 3 j 13*6 and  1 7 . 3 .
—1 —1 zL
b A v a l u e  o f  -2 8  c a l  deg  mole f o r  ^ 2 9 8  b a s  b e e n  a s s u m e d .
I t  c an  be  s e e n  from  t h i s  t a b l e  t h a t  i n  p a s s i n g  f ro m  t e t r a m e t h y l -
to  t e t r a - i s o - b u t y l t i n  t h e  f r e e  e n e r g y  o f  a c t i v a t i o n  i n c r e a s e s  by some 
—14-.7  k c a l  m ole . T h is  i n c r e a s e  r e s u l t s  f rom  a  change  i n  t h e  e n t h a l p y
o f  a c t i v a t i o n  o f  5*3  k c a l  m ole and  a  c o r r e s p o n d i n g  ch an g e  i n  t h e
A r —'I
- TASk 98 c o n t r i b u t i o n  o f  - 0 . 6  k c a l  m ole t h e  en thal^py  c o n t r i b u t i o n
i s  t h u s  t h e  m o s t  i m p o r t a n t  f a c t o r  i n  d e t e r m i n i n g  t h e  f r e e  e n e r g i e s
* e x c e p t  P r^S n  f o r  w h ich  a c c u r a t e  r a t e  c o n s t a n t s  c o u ld  n o t  be  o b t a i n e d .
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o f  a c t i v a t i o n  an d  h en ce  t h e  r a t e s  o f  r e a c t i o n .  T h i s  same f e a t u r e  i s  
a p p a r e n t  f o r  t h e s e  s u b s t i t u t i o n  r e a c t i o n s  c a r r i e d  o u t  i n  s o l v e n t  
m e t h a n o l / w a t e r  m i x t u r e s  a s  can  be  s e e n  from  T a b le s  1 .*f and  1 . 6 , p a g e s  
31 and  3 6 •
The f r e e  e n e r g i e s ,  e n t h a l p i e s  and  e n t r o p i e s  o f  a c t i v a t i o n  f o r
t h e  s u b s t i t u t i o n s  o f  t e t r a a l k y l t i n s  by  m e r c u r i c  s a l t s  i n  v a r i o u s
s o l v e n t s  ( s e e  T a b l e s  1.4-, 1 . 6  and  3 * ^ j  p a g e s  3^» 3^  and  120) v a r y
l i t t l e .  G e n e r a l l y ,  a s  t h e  r e a c t i v i t y  s e q u e n c e  becom es l e s s  s t e r i c
A J  A
t h e r e  i s  a  d e c r e a s e  i n  b o t h  AH~ and  AS (AS b e c o m e s  m ore  n e g a t i v e ) .
A AF o r  e a c h  s o l v e n t  t h e r e  i s  an  i n c r e a s e  i n  AG^ and  Air a l o n g  t h e  
s e r i e s
H^Sn = Me^Sn < E t^ S n  < P r j jsn  £ BuJjSn < Bu^Sn < P r^ S n ,  3*3 
A
v /h i le  AS^ r e m a in s  a lm o s t  c o n s t a n t  w i t h i n  t h e  l i m i t s  o f  e x p e r i m e n t a l
e r r o r .  Hence i n t e r a c t i o n s  i n v o l v i n g  t h e  a l k y l  g ro u p  R m us t  be  q u i t e
s i m i l a r  i n  e a c h  o f  t h e  s o l v e n t s  u s e d .
A c t i v a t i o n  p a r a m e t e r s  f o r  t h e  s u b s t i t u t i o n  o f  t e t r a a l k y l t i n s  by
m e r c u r i c  s a l t s  i n  v a r i o u s  s o l v e n t s  may be  com pared  by r e f e r e n c e  t o
T a b le  3*5* i n  w h ich  d a t a  r e l a t i v e  t o  t h e  s u b s t i t u t i o n  o f  t e t r a m e t h y l t i n
f o r  e a c h  s y s te m  i s  g i v e n .  F o r  e a c h  a c t i v a t i o n  p a r a m e te r  t h e  t a b l e  i s
A A
a r r a n g e d  i n  o r d e r  o f  d e c r e a s i n g  s t e r i c  s e q u e n c e .  F o r  oAG an d  SAH^
e a c h  s e r i e s  o f  s u b s t i t u t i o n  shows, t h e  s a m e - t r e n d  o f . i n c r e a s i n g  v a l u e s ,
and  n u m e r i c a l l y  e a c h  s e r i e s  i s  f a i r l y  s i m i l a r :  T h e re  i s  i n  f a c t
g e n e r a l l y  a  d e c r e a s e  i n  t h e s e  v a l u e s  dovm T a b le  3*3*
A
The 6AS v a l u e s  show no c l e a r  t r e n d s  b u t  w i t h i n  t h e  l i m i t s  o f  
e x p e r i m e n t a l  e r r o r  a r e  a l l  f a i r l y  c l o s e  t o  z e r o .
122
n %
in
0
H
' S
&
a
• H
ca
• P
'cj
to
o
•H
O
U
0a
MrQ
ra
&
• H
-P
' S ift
c3
14
-P
0
-P
O
3
O
• H
■P
*P
• H
-P
03
rO
0
ft
- P
M
o
<H
c3
co
f4
0
- P
0
a
CCS
CJ
O
•H
•P
>
• H
-P
O
C\5
0
t >
• H
"S§
its
co
- p§
f t
o
w
co
g
• H
0
- P  0  03oj ft ?4a cj p
•H -P  ?4 
M f t  14
' 8  § > “ft c3 «h 
f t  a  o  
c3
CJ 
CO 
•H  "3*
Uft
0
aft
-P
rH
■3
c6
Cj
-p
0
- p
£
o
• H
-p
o
c3
*P
sd
0
t >i—!
O
02
£ 
*H f t "
A
d
do
A
£
ft
£
d
CO
a.;
S
CJ
0
- p
0
ft
•p
ra
i n  o  o  i n  o
v -  v -  f t -  c\ j n
4* I 4 -1  4 - 1 4* & 4*1
o  o  o  o  o
o  o  o  o  o
o  o  o  o  o
o  V -  CM V -  o
O  O  n  O  O
i n  r n  cm t-  o
ON CO t —  MO MO
i n  i n  n  *=4- i n
o
-= 4*
O  O  i n  i n  o
m  o o  v o  f t -  n
>  i n  m - t o  Oft- '=4* '=4' on ft-
O  i n  o  O  O
M - VO CO O
v o  i n  r o  o n  t h
m  m  r n  cm cm
o  o  o  o  o
o
o
V O
o
n
rn
o
o
o
o  o  
n  o  ft- co
4 -1  4* I 4 - i  4 -1  4* I
"SL "4L 'HL 4^L 4^L_ 
c!j o  P  P  c £
<1 <3 <3 <3 <3
<0 «ft «0 co tO
o  o  
o  o  
o  o
O  v
o  o  o
o  o  o
o  o  o
t -  CM O
o  o  o  o  o
n  n  n  c o  n
n  m  o  cm r -
n  v o  v o  n  n
O  O  O
o  o  n
n  o  f t -**3* ft- m
O
n
rn
o  o  O  n  o
n  o  n  c o  i n
C— n l  r  C\l ft-
rn. on m  rn  cm
o  o  o  o  o
O  - O  i n  v o  o
» «  •  * «
CM r  rn  r  VO
4-1 4-1 4-1 4-1 4-1
'SL■NL 'SL
a  a  a  3  a(O iO <o <o <o
o
0
f t f t HH f t f to o O o o0 0 0 0 0
f t f t H-ltii s t-rlrz-lo Q O g4 g40 O 4 CJ4 0 0
S 0
k-4f=H c3
W '6 .^vo n vo vo n
CT\ CO CT\ ov co
CO GO
r —
4-
m  c-—
o  cm 
4- 4-
O o o o o o O O CO rn
r n CO o o o o n . o • ♦ •
v o n CO o •v— r n ■v— : m T“* T- T—
■^ 0* m ^ iu m 1 ! 1
n  o \  m
O
i
rn
I
n
cm
i
m  
i i
ft- co c-- o \  c
o  o
4- »
o
I
o
4*
O O O O O
''S L  ''M l ^S L  ' '4 1  ''S L7S> n%_ TK,_
CO CO CO CO t h
<3 <a < j <  < j
cO  < 0  cO  cO  cO
f t  f t  
o  o g
0ft
S
«>
0ft
03
O
d
•H
*"4L 
CO 
<3 
cO
ft
0ft
a
• 3
o
. 3
CM CM CM CM 
f t  f t  f t  
O  O
CMg    p  MtlO ttO bD W h0 |U M W f t f t
f
v o
G \
CM CM CM CM 
f t  f t  f t  f t  CM
%  %  %  f t  f tft ft f t f t ft
S
ra 0
v o  n  
ov oo
o4 0‘Si S’
$
CT\
<3
oO
ft
CM CM CM CM <3
«"4 H  H  H  CM «0 
O  p b  p  M
t»D GQ ClO *0 «ID ft ft ft ft ft d
123
The s i m i l a r  v a r i a t i o n s  f o r  t h e  a c t i v a t i o n  p a r a m e t e r s  f o r  r e a c t i o n  
i n  e a c h  s o l v e n t  s u g g e s t s  t h a t  t h e  t r a n s i t i o n  s t a t e s  c l o s e l y  r e s e m b le  
e a c h  o t h e r  w i t h i n  t h e  r a n g e  o f  s o l v e n t s  u s e d .
c.) A b s o lu te  r a t e s  and  s o l v e n t  e f f e c t s
From t h e  s t u d i e s  o f  r e a c t i o n  3*1 i u  d i f f e r e n t  s o l v e n t s  i t  i s  
fo u n d  t h a t  t h e  t r a n s i t i o n  s t a t e  d o es  n o t  ch an g e  much i n  g e o m e try  from  
s o l v e n t  t o  s o l v e n t .  H owever, t h e  r a t e s  o f  s u b s t i t u t i o n  o f  an y  one 
a l k y l  g ro u p  v a r y  by a  f a c t o r  o f  up to  2 0 0 , e . g .  a  d i f f e r e n c e  o f  3 k c a l  
m ole i n  AG b e tw e e n  r e a c t i o n  i n  85% aq  m e th a n o l  and t> - b u ta n o l .
U n f o r t u n a t e l y  among p a r a m e t e r s  r e l a t i n g  p r o p e r t i e s  o f  t h e s e  
s o l v e n t s  o n ly  v a l u e s  o f  t h e  d i e l e c t r i c  c o n s . t a n t  a r e  known i n  a l l  c a s e s .  
A t te m p ts  have  b e e n  made t o  c o r r e l a t e  b o t h  t h e  r a t e  c o n s t a n t s  and  t h e i r
D — 1  *|
l o g a r i t h m s  w i t h  v a l u e s  o f  — an d  D, and  t h e  b e s t  ( a l t h o u g h  n o t  good)
c o r r e l a t i o n  e x i s t s  f o r  l o g  k ^  w i t h  D, s e e  f i g u r e  3 *3 »
The p a r a m e t e r s  X and  A j f o r  t h e  s o l v e n t s  m e th a n o l  an d  a c e t o n i t r i l e  
s u g g e s t  t h a t  r e a c t i o n  i n  s o l v e n t  m e th a n o l  s h o u ld  be  f a s t e r  t h a n  i n  
a c e t o n i t r i l e ,  w h e re a s  t h e  r e v e r s e  o r d e r  i s  i n  f a c t  f o u n d .  Thus i t  i s  
s e e n  f o r  r e a c t i o n  5*1 t h a t  t h e  p a r a m e t e r  o f  t h e  d i e l e c t r i c  c o n s t a n t  
c o r r e l a t e s  b e t t e r  t h a n  more s o p h i s t i c a t e d  p a r a m e t e r s  t h a t  a t t e m p t  t o  
d e s c r i b e  t h e  p o l a r i t y  o f  t h e  s o l v e n t .
Summary
The s u b s t i t u t i o n  o f  t e t r a a l k y l t i n s  by m e r c u r i c  c h l o r i d e  i n  s o l v e n t  
a c e t o n i t r i l e  p r o c e e d s  by th e  r a t e - d e t e r m i n i n g  b i m o l e c u l a r  r e a c t i o n
R^Sn + HgCl2 --------» RySnCl + RHgCl 3 . if
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F i g u r e  5*3« G raphs o f  1 o£.jq p l o t t e d  a g a i n s t  t h e  d i e l e c t r i c  
c o n s t a n t ,  D, f o r  s u b s t i t u t i o n  r e a c t i o n s  o f  t e t r a m e t h y l -  and  
t e t r a e t h y l - t i n  w i t h  m e r c u r i c  c h l o r i d e  i n  v a r i o u s  s o l v e n t s .
Second order rate constants a t 25 and 60°C have been determined 
for tetram ethyl-, te tr a e th y l-  and te tr a - is o -b u ty l- t in  and the various 
a ctiv a tio n  parameters determined* In addition  the second order rate  
constants at 25°C have been obtained for  te tra -n -p ro p y l-, te tr a -n -  
b u ty l- and te tra -iso -p ro p y l-tin *
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T h ese  s u b s t i t u t i o n  r e a c t i o n s  i n  a c e t o n i t r i l e  f o l l o w  a  s t e r i c  
s e q u e n c e  o f  r e a c t i v i t y .  T h i s  r e a c t i v i t y  s e q u e n c e  i s  q u a n t i t a t i v e l y  
v e r y  s i m i l a r  t o  t h a t  fo u n d  by  S p a l d i n g  (3 2 )  f o r  t h e  s u b s t i t u t i o n  o f  
t e t r a a l k y l t i n s  by  m e r c u r i c  i o d i d e  i n  s o l v e n t  96% &q m e th a n o l ,  and  i s  
s i m i l a r  a l s o  t o  t h e  r e a c t i v i t y  s e q u e n c e s  fo u n d  by  J o h n s t o n  (3 3 )  ft>r  
t h e  s u b s t i t u t i o n  o f  t e t r a a l k y l t i n s  by  m e r c u r i c  c h l o r i d e  i n  s o l v e n t  
m e t h a n o l / w a t e r  m i x t u r e s .
I t  h a s  b e e n  shown t h a t  t h e  open  t r a n s i t i o n  s t a t e  m odel p o s t u l a t e d  
by S p a l d i n g  (3 2 )  s a t i s f a c t o r i l y  a c c o u n t s  f o r  t h e  r e l a t i v e  r a t e s  o f  
s u b s t i t u t i o n  i n  a  s e m i - q u a n t i t a t i v e  m anner and  t h a t  a  ch an g e  t o  a  
c l o s e d  t r a n s i t i o n  s t a t e  w i t h i n  t h e  s e r i e s  o f  t e t r a a l k y l t i n s  i s  u n l i k e l y .
I t  i s  s u g g e s t e d  on t h e  b a s i s  o f  p o l a r  c o - s o l v e n t  e f f e c t s  t h a t  
t h e r e  i s  no change  f ro m  t h e  o pen  t r a n s i t i o n  s t a t e  m ode l p o s t u l a t e d  by  
J o h n s t o n  (3 3 )  t o  a  c l o s e d  t r a n s i t i o n  s t a t e  w i t h  t h e  s e r i e s  o f  t e t r a ­
a l k y l t i n s  .
A c o m p a r is o n  o f  r e l a t i v e  r a t e s  and  o f  a c t i v a t i o n  p a r a m e t e r s  f o r  
t h e  s u b s t i t u t i o n  o f  t e t r a a l k y l t i n s  by  m e r c u r i c  s a l t s  i n  v a r i o u s  
s o l v e n t s  s u g g e s t s  t h a t  t h e  t r a n s i t i o n  s t a t e s  c l o s e l y  r e s e m b l e  e a c h  
o t h e r  i n  t y p e  an d  g e o m e try .
T h e re  i s  no c l e a r  i n d i c a t i o n  a s  t o  t h e  p a r t  p l a y e d  by  t h e  s o l v e n t  
i n  d e t e r m i n i n g  t h e  r a . t e s  o f  t h e s e  s u b s t i t u t i o n  r e a c t i o n s .  A. somewhat., 
p o o r  c o r r e l a t i o n  e x i s t s  betx^een t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  
s o l v e n t  and  t h e  r a t e  o f  s u b s t i t u t i o n  o f  t h e  t e t r a a l k y l t i n  by  m e r c u r i c  
c h l o r i d e .
I t  i s  c o n c lu d e d  t h a t  t h e  s u b s t i t u t i o n  o f  t e t r a a l k y l t i n s  by 
m e r c u r i c  c h l o r i d e  i n  s o l v e n t  a c e t o n i t r i l e  p r o c e e d s  by m echan ism  
S _ ,2 (o p en ) .  T hese  s u b s t i t u t i o n  r e a c t i o n s  f o l l o w  a  s t e r i c  s e q u e n c e  o f  
r e a c t i v i t y  and  t h e r e b y  com ply w i t h  t h e  3^,2 r u l e  o f  Abraham an d  H i l l .
SECTION 6*
THE CALCULATION OF STERIC EFFECTS IN BIMOLECULAP ELECTROPHILIC
SUBSTITUTION REACTIONS
• I n t r o d u c t i o n
The r a t e s  o f  o n e - a l k y l  m e rc u ry  e x ch a n g e  r e a c t i o n s  i n  s o l v e n t  
e t h a n o l  have  b e e n  i n v e s t i g a t e d  by Hughes and  V o lg e r  (1 5 )  who h av e  
s u g g e s t e d  t h a t  t h e  s e r i e s  o f  r e l a t i v e  r a t e s  6 .1  r e s u l t s  f ro m  t h e
s t e r i c  i n t e r a c t i o n s  b e tw e e n  t h e  m oving  g ro u p  and  t h e  in c o m in g  and  
o u tg o i n g  g r o u p s .  They h ave  a l s o  c a r r i e d  o u t  some s e m i - q u a n t i t a t i v e  
e s t i m a t i o n s  o f  t h e s e  s t e r i c  e f f e c t s  w h ich  s u p p o r t  t h e i r  h y p o t h e s i s .
G i e l e n  and  N a s i e l s k i  (5 1 )  have  s u g g e s t e d  t h a t  t h e  s e r i e s  o f  
r e l a t i v e  r a t e s  6*2  f o r  t h e  i o d o d e m e t a l l a t i o n  o f  t e t r a a l k y l t i n s  r e s u l t s
from  t h e  s t e r i c  i n t e r a c t i o n s  b e tw e e n  t h e  in c o m in g  and  o u t g o i n g  g r o u p s .
Abraham and  H i l l  ( 1 8 ,7 a )  h o w ev er ,  w ere  o f  t h e  o p i n i o n  t h a t  t h e
r e s u l t s  o f  G i e l e n  an d  N a s i e l s k i  w ere  b e t t e r  e x p l a i n e d  i n  t e rm s  o f  t h e
Hughes and V o lg e r  c o n c e p t .
As a  r e s u l t  o f  f u r t h e r  e x t e n s i v e  s t u d i e s ,  G i e l e n  and  N a s i e l s k i  (1 3 7 )
*• I n  t h i s  s e c t i o n  and  t h e  c o r r e s p o n d i n g  e x p e r i m e n t a l  s e c t i o n ,  s e c t i o n  
2 4 ,  r e f e r e n c e  t o  h y d ro g e n  i s  o f  p a s s i n g  i n t e r e s t  o n l y .  I t  p l a y s  no 
p a r t  i n  . t h e  • c a l c u l a t i o n s  t h a t  a r e  r e p o r t e d  h e r e  b u t  h a s  b e e n  i n c l u d e d  
s i n c e  i t  f e a t u r e d  i n  r e l a t e d  c a l c u l a t i o n s  an d  a t  t h e  t im e  o f  p l o t t i n g ,  
g r a p h s  on th e  c o m p u te r  was c o n s i d e r e d  to  be  r e l e v a n t .
H e(100). > E t ( 4 2 )  > Pen e ° ( 3 3 )  > Eus ( 6 ), 6.1
Me( 1 0 0 ) > E t ( l 2 )  > P r n ( l . 5 ) 6 .2
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h ave  c o n c lu d e d  t h a t  t h e  s t e r i c  i n t e r a c t i o n  b e tw e e n  t h e  in c o m in g  and  
o u t g o i n g  g ro u p s  was n o t  so  i m p o r t a n t  i n  g o v e r n in g  t h e  r e a c t i v i t y  o f  
t h e  s u b s t i t u t e d  a l k y l  g roup*  F o r  s u b s t i t u t i o n s  i n  p o l a r  and  n u c le o ~  
p h i l i c  s o l v e n t s  s u c h  a s  m e th a n o l  t h e y  have  a t t a c h e d  im p o r t a n c e  t o  
s t e r i c  e f f e c t s  d u r i n g  s o l v a t i o n  o f  t h e  s u b s t r a t e  a n d / o r  d u r i n g  t h e  
a p p r o a c h  o f  t h e  e l e c t r o p h i l e *  They s u g g e s t  t h a t  i n  7s u c h  s o l v e n t s  t h e  
e f f e c t  o f  t h e  d i f f e r e n t  n u c l e o p h i l i c  powre r  o f  t h e  s o l v e n t s  c o o r d i n a t e d  
t o ,  f o r  i n s t a n c e ,  t i n  i s  to  b r i n g  a b o u t  d i f f e r e n t  p o l a r i s a t i o n s  o f  t h e  
Sn-C b o n d s  w h ich  a f f e c t s  b o t h  t h e  r e a c t i v i t y  and  t h e  s e l e c t i v i t y  o f  
t h e  a l k y l  g r o u p .
Abraham and  S p a l d i n g  ( 3 6 ) have  r e c e n t l y  sl'.^wn t h a t  i n  t h e
s u b s t i t u t i o n s -  o f  t e t r a a l k y l t i n s  by  m e r c u r i c  i o d i d e  i n  s o l v e n t  96% aq
am e th a n o l ,  s t e r i c  i n t e r a c t i o n s  b e tw e e n  th e  m oving  g ro u p  and  t h e  SnC^ 
p a r t  o f  t h e  l e a v i n g  g ro u p  make an  i m p o r t a n t  c o n t r i b u t i o n  t o  t h e  
o v e r a l l  s t e r i c  e f f e c t *
I f  t h e  d e m o n s t r a t i o n  o f  Abraham and  S p a l d i n g  i s  c o r r e c t  t h e n  t h e  
r a t e  o f  c l e a v a g e  o f  Me by i o d i n e ,  f ro m  Me^Sn, M eSnEt^, M eSnPr^, 
MeSnBu^, e t c . ,  s h o u ld  be s i m i l a r .  T h is  i s  i n  f a c t  t h e  c a s e ,  t h e  
r e l a t i v e  r a t e s  i n  s o l v e n t  m e th a n o l  b e i n g  1 . 7 7 *, 3 *3^ ( 1 3 7 ) ,  1*66  and  
1 .3 9  ( 1 3 8 ) ,  r e s p e c t i v e l y .
From t h e i r  s t u d i e s  o f  r a t e s  o f  s u b s t i t u t i o n  o f  a l k y l m e t a l s ,  
T a g l i a v i n i  an d  cox-zorkers ( 1 3 9 , 3 2 , 1 -^0 ) p r e s e n t  a  somewhat d i f f e r e n t  
h y p o t h e s i s  a s  t o  t h e  o r i g i n  o f  t h e  r e l a t i v e  r a t e  s e q u e n c e s :  They a r e
o f .a  s i m i l a r  o p i n i o n  t o  G i e l e n  and  N a s i e l s k i  t h a t  a  p r e - r a t e - d e t e r m i n i n g ,  
s o l v a t i o n  o f  t h e  s u b s t r a t e  t a k e s  p l a c e  w i t h  a  s u b s e q u e n t  p o l a r i s a t i o n  
o f  t h e  s u b s t r a t e  i t s e l f .  However, t h e y  s u g g e s t  t h a t  t h e  r e l a t i v e  
r e a c t i v i t y  o f  t h e  s u b s t i t u t e d  a l k y l  g ro u p  r e s u l t s  s o l e l y  f ro m  t h e  
* S t a t i s t i c a l l y  c o r r e c t e d  v a l u e .
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I n d u c t i v e  e f f e c t s  o f  t h e  a l k y l  g ro u p s  a t  t h e  m e ta l  c e n t r e ,  i n  o p p o s in g  
t h e  c o o r d i n a t i o n  o f  t h e  s o l v e n t .  Thus t h e  l a r g e r  t h e  a l k y l  g ro u p  t h e  
g r e a t e r  t h e  o p p o s i t i o n  t o  s o l v a t i o n  and  t h e  lo w e r  t h e  r a t e  o f  s u b s t i ­
t u t i o n .  I t  may be d e d u ce d  from  t h i s  h y p o t h e s i s  t h a t  t h e  r a t e  o f  
c l e a v a g e  o f  Me from  Me^Sn w ould  be much g r e a t e r  t h a n  f ro m  M eSnEt^, 
t h i s  l a t t e r  r a t e  b e i n g  s i m i l a r  t o  t h e  r a t e  o f  c l e a v a g e  o f  E t  f rom  
E t^ S n .  T h is  i s  i n  f a c t  n o t  w ha t i s  o b s e r v e d ,  th e  c o r r e s p o n d i n g  
r e l a t i v e  r a t e s  f o r  t h e  i o d o d e m e t a l l a t i o n  r e a c t i o n s  b e i n g  1 *7 7 *, 3 *5 8 ,
0 . 2  (1 3 7 )*  F u r t h e r ,  i t  w ould  be e x p e c t e d  t h a t  t h e  r e l a t i v e  r a t e s  o f  
s u b s t i t u t i o n  o f  a  p a r t i c u l a r  s e r i e s  o f  s u b s t r a t e s  w ould  be t h e  same 
i r r e s p e c t i v e  o f  the. e l e c t r o p h i l e ;  b u t  t h i s  a l s ?  i s  n o t  o b s e r v e d ,  
c f . k ^ ^ ^ / k ^6^ 11 St 0 .0 2 8  and  0 .0 0 2 2  f o r  t h e  s u b s t i t u t i o n  r e a c t i o n s
by  i o d i n e  ( 1 3 7 ) and  by  m e r c u r i c  c h l o r i d e  ( 3 3 ) i n  s o l v e n t  m e t h a n o l .
The Hughes and  V o lg e r  h y p o t h e s i s  t h u s  a p p e a r s  t o  be  t h e  o n ly  one 
t h a t  s a t i s f a c t o r i l y  a c c o u n t s  fo r .  t h e s e  o b s e r v e d  s e q u e n c e s  o f  r a t e s  
and  i t  w ould  be o f  i n t e r e s t  t o  d e m o n s t r a t e  on t h e  b a s i s  o f  t h i s  
h y p o t h e s i s  t h a t  t h e  s t e r i c  e f f e c t  o f  v a r i o u s  a l k y l  g ro u p s  c o u ld  g i v e  
r i s e ,  q u a n t i t a t i v e l y ,  t o  t h e  o b s e r v e d  r a t e  c o n s t a n t s .  I t  I s  t h e  
o b j e c t  o f  t h i s  s e c t i o n  t o  c a l c u l a t e ,  s u c h  s t e r i c  e f f e c t s  f o r  a  number 
o f  b i m o l e c u l a r  e l e c t r o p h i l i c  s u b s t i t u t i o n s  and  t o  com pare  t h e  c a l c u l a t e d  
( r e l a t i v e )  r e a c t i o n  r a t e  c o n s t a n t s  w i t h  t h e  o b s e r v e d  r a t e  c o n s t a n t s .
F o r  t h e  g e n e r a l  r e a c t i o n  6 . 3 ,  a  s t e r i c  s e q u e n c e  o f  r e a c t i v i t y
.M R * V• n
R:   R-E + NMR1 6 . 3• n
•E~N_
* S t a t i s t i c a l l y  c o r r e c t e d  v a l u e .
E-MR1 +. E-N -----n
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n i  tw ould  be  e x p r e s s e d  by  R =• Me > E t  > P r  > P r  > Bu . As h a s  b e e n  
s u g g e s t e d ,  t h i s  s e q u e n c e  w ou ld  a p p e a r  t o  a r i s e  f ro m  t h e  s t e r i c  i n t e r ­
a c t i o n s  o f  t h e  s u b s t i t u t e d  a l k y l  g ro u p ,  R, w i t h  t h e  e n t e r i n g  and  
l e a v i n g  g r o u p s ,  an d  t h e  q u a n t i t a t i v e  r a t e  s e q u e n c e  w ou ld  d ep en d  on 
a l l  t h e s e  g r o u p s ,  .T h u s  i f  t h e  l e a v i n g  g ro u p  MR^ c o n t a i n s  a l k y l  
g r o u p s ,  t h e s e  w i l l  a l s o  c o n t r i b u t e  t o  t h e  o v e r a l l  s t e r i c  e f f e c t *
G e n e r a l l y ,  i n  m echan ism  Sg2 , t h e r e  w i l l  b e  a  number o f  p o s s i b l e  
s t e r i c  i n t e r a c t i o n s  i n  t h e  t r a n s i t i o n  s t a t e  i n v o l v i n g  t h e  a l k y l  g ro u p  
u n d e r g o in g  s u b s t i t u t i o n ,  R, and  th e  a l k y l  g ro u p  o r  g ro u p s  on t h e  
l e a v i n g  m e t a l ,  MR^. T hese  i n t e r a c t i o n s  may be c l a s s i f i e d  a s :
a )  B etw een  R and  t h e  in c o m in g  e l e c t r o p h i l e , a n i  b e tw e e n  R an d  t h e  
l e a v i n g  m e t a l  a tom  M*
b )  B e tw een  R an d  an y  s o l v e n t  m o le c u le s  i n c o r p o r a t e d  i n t o  t h e  t r a n s ­
i t i o n  s t a t e *
c )  B e tw een  R and  th e  l e a v i n g  a l k y l  g ro u p s  R1.
d)  B etw een  t h e  l e a v i n g  a l k y l  g ro u p s  R^ and  t h e  in c o m in g  e l e c t r o p h i l e .
e )  B etw een  t h e  l e a v i n g  a l k y l  g ro u p s  and  any  s o l v e n t  m o l e c u le s
i n c o r p o r a t e d  i n t o  t h e  t r a n s i t i o n  s t a t e *
The b u l k  o f  t h i s  s e c t i o n  i s  d e v o te d  t o  t h e  u n c a t a l y s e d  and  
c a t a l y s e d  o n e - a l k y l  m e rc u ry  ex ch a n g e  6 . 4  ( s e e  p a g e s  161 t o  2 0 1 ) ,
R-HgX + HgX2 ------ -* R-HgX * IIgX2 6 . 4
s t u d i e d  by  H ughes, I n g o l d  and  t h e i r  c o w o rk e rs  ( 2 4 ,2 7 , 1 5 ) *  S u ch  
e x c h a n g e s  i n  s o l v e n t  e t h a n o l  have  b e e n  c l a s s i f i e d  ( 2 4 ,2 7 )  &s e x a m p le s  
o f  t h e  Sg2 m echanism  and have  t h e  a d v a n ta g e  t h a t  t h e  l e a v i n g  g ro u p  
c o n t a i n s  no a l k y l  g r o u p s .  Hence t h e  s e t  o f  p o s s i b l e  i n t e r a c t i o n s  
a  t o  e i s  r e d u c e d  t o  t h e  f i r s t  two i n t e r a c t i o n s  a  and b .
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I n  e s s e n c e ,  t h e  p r o c e d u r e  t o  be a d o p te d  f o r  th e  c a l c u l a t i o n  o f  
t h e  r e l a t i v e  r a t e  c o n s t a n t s  i s  q u i t e  s im p l e :  A m odel f o r  t h e  t r a n s ­
i t i o n  s t a t e  i s  s p e c i f i e d  w i t h i n  c e r t a i n  r e a s o n a b l e  l i m i t s ,  f i r s t  o f  
a l l  f o r  t h e  p r im a r y  c a s e  o f  I? =. Me and  t h e n  f o r  t h e  o t h e r  c a s e s  o f  
R » E t ,  e t c . ,  and  t h e  v a r i o u s  i n t e r a t o m i c  d i s t a n c e s  and  n o n -b o n d e d  
i n t e r a c t i o n s  c a l c u l a t e d  f o r  v a r i o u s  c o n f i g u r a t i o n s  o f  t h e  t r a n s i t i o n  
s t a t e .  A c h e c k  on th e  p o s s i b l e  i n t e r a c t i o n s  i n  t h e  i n i t i a l  s t a t e  h a s  
a l s o  t o  be  m ade . R e l a t i v e  r a t e  c o n s t a n t s  a r e  t h e n  c a l c u l a t e d  and  
com pared  w i t h  e x p e r i m e n t a l  v a l u e s .
I n  p r a c t i c e ,  t h e r e  e x i s t  num erous d i f f i c u l t i e s  e s p e c i a l l y  i n  t h e  
c h o ic e  o f  t h e  i n t e r a t o m i c  n o n -b o n d e d  p o t e n t i a l  f u n c t i o n s  and  i n  t h e  
m o d i f i c a t i o n s  o f  a to m ic  i n t e r a c t i o n s  t o  t a k e  i n t o  a c c o u n t  n e i g h b o u r i n g  
a to m s i
The c a l c u l a t i o n s  i n v o l v e d  a r e  b o t h  t e d i o u s  and  l e n g t h y  and  t h e y  
have  b e e n  t a c k l e d  by e s t a b l i s h i n g  a  g e n e r a l  s o l u t i o n  t o  t h e  p r o b le m ,  
w r i t i n g  p ro g ra m s  e x p r e s s i n g  t h i s  s o l u t i o n  and  r u n n i n g  t h e s e  p ro g ra m s  
on e l e c t r o n i c  d i g i t a l  c o m p u te r s .
2 .  The p r i n c i p l e s  o f  c a l c u l a t i n g  t h e  s t e r i c  e f f e c t  
a )  The c a l c u l a t i o n  o f  s t e r i c  i n t e r a c t i o n s
i )  Covalent__bond r a d i i  and  i n t e r - b o n d  a n g l e s
C o v a le n t  bond r a d i i  u s e d  i n  t h i s  w ork  a r e ,  i n  A n g s t ro m s :  
h y d ro g e n  0 . 3 2 , c a rb o n  0 . 7 7 , m e rc u ry  1 . 2 9 * t i n  1 . ^ 1 , c h l o r i n e  0 , 9 9 * 
b ro m in e  1 .1 1  and  io d in e .  1 .31*  They have  b e e n  s e l e c t e d  t o  g i v e  t h e  
f o l l o w i n g  c o v a l e n t  bond d i s t a n c e s  ( 1 ^ 1 ) :  C-H 1 . 0 9 ,  C-C 1.3^'* O-Hg
2 . 0 6 ,  C-Sn 2 . 1 8 ,  Hg-Cl 2 . 2 8 ,  Hg-Br 2.*f0 and  H g -I  2 . 6 0 ,
The f o u r  bonds  a ro u n d  s a t u r a t e d  c a rb o n  a r e  t a k e n  t o  b e  t e t r a -  
h e d r a l l y  d i s p o s e d ,  t h e  a n g l e s  b e tw e e n  them b e i n g  109° 2 8 *.
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I n  t h e  t r a n s i t i o n  s t a t e s  and  one p a r t i c u l a r  i n i t i a l  s t a t e  
[KHgBr.,^ b o n d in g  s i t u a t i o n s  w i l l  be m et t h a t  c a l l  f o r  a d j u s t m e n t
to  bond l e n g t h s  and  b o n d in g  a n g l e s .  T hese  w i l l  be  d e a l t  w i t h  f u l l y
a t  t h e  t i m e s  when t h e y  a r i s e *
i i )  Van d e r  W aals  r a d i i
T h e re  a p p e a r s  t o  be  l i t t l e  a g re e m e n t  i n  t h e  l i t e r a t u r e  on v a l u e s  
f o r  Van d e r  W aals  r a d i i ,  and  t h e  s t u d i e s  o f  A l l i n g e r  and  c o w o rk e rs  
( 6 3 , 6 6 ) s u g g e s t  t h a t  commonly a c c e p t e d  v a l u e s  f o r  h y d ro g e n  an d  c a rb o n  
may be  u n r e a l i s t i c .  The c h o ic e  o f  Van d e r  W aals  r a d i i  i s  t h u s  some­
w hat a r b i t r a r y  and  t h e  v a l u e s  s e l e c t e d  f o r  t h i s  w ork t o g e t h e r  w i t h
some l i t e r a t u r e  v a l u e s  a r e  g i v e n  i n  T a b le  6 . 1 .
T a b le  6 .1
Van jder  W aals  r a d i i  (%) t a k e n  from  t h e  l i t e r a t u r e  and v a l u e s  u s e d  i n
t h i s  w ork
S p e c i e s r VdW C l i t ) ; r „ , . .  ( t h i s  w ork) VdW
H 1 *0 0 2 ^ Z,’2 ) , 1 . 0 3 (lZf3\  1 . l 6 3 ^ l /+ 2 ) ,
1 . 1 7 d V4) ,  1 . 2 ^7 1 ° );, 1 . 3 (l/+5) ' 1 . 2
Me 1 . 9 ( 1 W , 2 . 0 ( 7 1 b ) , 2 . 1 2 3 (1 ° 0 ) 2 . 0
Hg 1 . 5 5 (lZf?\  1 . 7 ( 1 W 1 . 5
Sn 2 . 16 ^lZ f7), 2 . 2 (lZf9\  2 . 2 7 ^ ^ 7 ^ 1 .6 2
Cl 1 .7 f? ( l^ 7 )  ? i , 8 ( 7 1 b ^ 1 .7 5
Br. 1 . 8 5 ( 1 W , l . 9 5 (7 1 b ) 1 .8 3
I 1 . 96 - 2 . l 6 ^l i f 7 ) , 2 . 1 3 (7 1 b ) 1 .9 6
S p e c i a l  m e n t io n  i s  made o f  t h e  v a l u e  c h o s e n  f o r  t i n :  As w i l l  be
s e e n  l a t e r  (p a g e  13^) j Tor t h e  n o n -b o n d e d  p o t e n t i a l  f u n c t i o n s  t i n  h a s
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b e e n  r e g a r d e d  a s  s i m i l a r  to  m e rc u ry  d i f f e r i n g  o n ly  i n  i t s  Van d e r  
W aals  r a d i u s .  To a v o i d  d i s s i m i l a r  c h a r a c t e r i s t i c s  i n  n o n -b o n d e d  
i n t e r a c t i o n s  i n v o l v i n g  th e  two m e t a l s  i n  i n i t i a l  and  t r a n s i t i o n  
s t a t e s  i t  h a s  b e e n  n e c e s s a r y  to  t a k e  t h e  Van d e r  W aals  r a d i u s  o f  t i n  
a s  0*12 2  l a r g e r  t h a n  t h a t  o f  m e rc u r y ,  i . e .  t h e  same d i f f e r e n c e  a s  
e x i s t s  b e tw e e n  t h e i r  c h o s e n  c o v a l e n t  r a d i i .
i i i )  N on-bonded  p o t e n t i a l  f u n c t i o n s
Van d e r  W aals  p o t e n t i a l  f u n c t i o n s  f o r  a l l  p a i r s  o f  a tom s*  
c o n s i d e r e d  i n  i i )  a r e  n o t  a v a i l a b l e .  T h e re  h a v e ,  h o w ev e r ,  b e e n  
r e p o r t e d  f u n c t i o n s  f o r  H/H ( 1 5 0 ) ,  Me/Me** ( 1 3 1 ) ,  B r /B r  ( 7 8 ) and  
Hg/Hg ( 1 5 2 ,1 5 3 )  w h ich  have  b e e n  a d j u s t e d  and  com bined  i n  v a r i o u s  ways 
to  r e p r e s e n t  a i l  i n t e r a c t i o n s  t h a t  c o u ld  be  e n c o u n t e r e d  i n  t h i s  w ork .  
The f u n c t i o n s  and  d e t a i l s  o f  t h e  m e th o d s  o f  a d j u s t m e n t  and  c o m b in a t io n  
t o  r e p r e s e n t  th e  v a r i o u s  i n t e r a c t i o n s  a r e  g iv e n  i n  s e c t i o n  2 ^ ,  p a g e  
31*f, w h i l e  b e lo w  a r e  d i s c u s s e d  th e  g e n e r a l  p r i n c i p l e s .  G rap h s  o f  t h e  
o r i g i n a l  f u n c t i o n s  a r e  shown i n  f i g u r e  6 . 1 .
To r e p r e s e n t  H/H i n t e r a c t i o n s  t h e  r e p o r t e d  n o n -b o n d e d  f u n c t i o n  
f o r  H/H h a s  b e e n  a d j u s t e d  to  change  t h e  p o s i t i o n  o f  i t s  minimum*** 
from  3*060 2  t o  2.*f00 2 ,  i . e .  tw ic e  t h e  s e l e c t e d  Van d e r  W aals  r a d i u s
f o r  h y d ro g e n ,  t o  g iv e  t h e  new f u n c t i o n  e x p r e s s e d  i n  T a b le  6 . 2 .
To r e p r e s e n t  Me/Me i n t e r a c t i o n s  t h e  r e p o r t e d  n o n -b o n d e d  f u n c t i o n  
f o r  Me/Me h a s  b e e n  a d j u s t e d  t o  change  th e  p o s i t i o n  o f  i t s  minimum 
from  ^ .2 0 3  2  to  ^ .0 0 0  2 ,  i . e .  tw ic e  t h e  s e l e c t e d  Van d e r  W aals  r a d i u s
f o r  t h e  m e th y l  g ro u p ,  to  g iv e  t h e  new f u n c t i o n  e x p r e s s e d  i n  T a b le  6 . 2 .
H a lo g e n /h a lo g e n  i n t e r a c t i o n s  h ave  b e e n  r e p r e s e n t e d  by t h e  a d j u s t e d  
* o r  g ro u p s  u n d e r s t o o d .
** I t  i s  c o n s i d e r e d  t h a t  w hat a p p l i e s  t o  Me a p p l i e s  a l s o  t o  CHp, CH an d  C, 
*** I n  t h i s  d i s c u s s i o n  r e f e r e n c e s  t o  c h a n g in g  t h e  p o s i t i o n  o f  t h e  
Van d e r  W aals  minimum im p ly  c h an g e s  o n ly  i n  t h e  a to m ic  s e p a r a t i o n  a x i s .
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n o n - b o n d e d  f u n c t i o n  f o r  B r / B r :  The p o s i t i o n  o f  t h e  minimum h a s  b e e n
ch a n g ed  fr o m  ^ , 7 9 0  2  t o  3 * 5 0 0  £  f o r  C l / C l  i n t e r a c t i o n s ,  t o  3 * 7 0 0  £  
f o r  B r / B r  i n t e r a c t i o n s ,  and  t o  3 * 9 2 0  2. f o r  I / I  i n t e r a c t i o n s ,  t o  g i v e  
t h e  n e w - f u n c t i o n s  e x p r e s s e d  i n  T a b l e  6 , 2 ,
M e t a l / m e t a l  i n t e r a c t i o n s  h a v e  b e e n  r e p r e s e n t e d  b y  t h e  a d j u s t e d  
n o n - b o n d e d  f u n c t i o n s  f o r  H g/K g: The p o s i t i o n  o f  t h e  minimum h a s  b e e n
c h a n g e d  fr o m  3 * 2 5 5  2  t o  3 * 0 0 0  2  f o r  Hg/Hg i n t e r a c t i o n s ,  an d  t o  3 * 2 ^ 0  £  
f o r  S n / S n  i n t e r a c t i o n s ,  t o  g i v e  t h e  new f u n c t i o n s  e x p r e s s e d  i n  T a b l e  
6 , 2 ,  G rap hs o f  t h e  new  H /H, M e/M e, B r /B r  and  Hg/Hg f u n c t i o n s  a r e  g i v e n  
i n  f i g u r e  6 * 2 ,
T a b le  6 * 2
The f u n d a m e n t a l  n o n - b o n d e d  f u n c t i o n s  u s e d  i n  t h i s  w ork
R e p r e s e n t e d  f u n c t i o n
-1i n t e r a c t i o n s  k c a l  m o le
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I t  seem s j u s t i f i a b l e  t o  u s e  one n o n -b o n d e d  f u n c t i o n  t o  r e p r e s e n t
h a l o g e n / h a l o g e n  i n t e r a c t i o n s  and  one n o n -b o n d e d  f u n c t i o n  t o  r e p r e s e n t
m e t a l / m e t a l  i n t e r a c t i o n s  ( s u i t a b l y  a d j u s t e d  f o r  Van d e r  W aals  r a d i i )
s i n c e ,  a s  Newman (70 )  h a s  p o i n t e d ’ o u t  and  a s  c a n  be s e e n  f ro m  f i g u r e
6*3 p a r t i c u l a r l y  f o r  th e  n o n - m e ta l  i n t e r a c t i o n s ,  Van d e r  W aals
p o t e n t i a l  f u n c t i o n s  a r e  r a t h e r  s i m i l a r  i n  s h a p e :  I n d e e d ,  H i l l  (1 0 5 )
h a s  shown t h a t  t h e  Van d e r  W aals  f u n c t i o n  f o r  t h e  r a r e  g a s  a to m s ,  and
f o r  a  num ber o f  s im p le  m o l e c u l e s ,  c an  be a d e q u a t e l y  e x p r e s s e d  i n  te rm s
o f  a  r e d u c e d  f u n c t i o n  w h ic h  i n v o l v e s  o n ly  two p a r a m e t e r s ,  t h e  Van d e r
W aals r a d i u s  and  an  e n e r g y  p a r a m e t e r  w h ich  m e a su re s  t h e  d e p t h  o f  t h e
Van d e r  W aals  minimum o f  e n e r g y  ( s e e  a l s o  s e c t i o n  2 . 5 1 Pa Se 5 9 )  i
The m e t a l / m e t a l  f u n c t i o n s  d i f f e r  f rom  th e  n o n - m e t a l / n o n - m e t a l
f u n c t i o n s  by  b e i n g  much h a r d e r *  and  h a v in g  much d e e p e r  Van d e r  W aals
m in im a o f  e n e r g y .  T h i s  h a s  had  r e p e r c u s s i o n s  i n  t h e  fo rm  t a k e n  by
th e  f u n c t i o n s  r e p r e s e n t i n g  th e  i n t e r a c t i o n s  o f  d i s s i m i l a r  a to m s  w here
t h e s e  i n v o l v e  one m e ta l  a tom  ( s e e  p ag e  1 4 0 ) .
The f u n c t i o n s  r e p r e s e n t i n g  t h e  i n t e r a c t i o n s  o f  d i s s i m i l a r  a to m s ,
i . e .  t h e  m ixed  f u n c t i o n s ,  have  b e e n  d e r i v e d  by c o m b in in g  t h e  f u n c t i o n s
f o r  p a i r s  o f  t h e  p a r t i c u l a r  a tom s i n v o l v e d .  The p o s i t i o n  o f  t h e
minimum o f  t h e  m ixed  f u n c t i o n  w i l l  be th e  sum o f  t h e  Van d e r  W aals
r a d i i  o f  t h e  i n t e r a c t i n g  a to m s .
F o r  i n t e r a c t i o n s  b e tw e e n  a to m s ,  c a l l  them A and  B, o f  t h e  same
t y p e ,  i . e .  m e ta l  a tom s o r  n o n - m e ta l  a to m s ,  t h e  m ixed  f u n c t i o n  h a s  b e e n
t a k e n  a s  t h e  a r i t h m e t i c  mean o f  t h e  f u n c t i o n  f o r  A/A and  B/B b u t  w i t h
th e  p o s i t i o n s  o f  t h e i r  m in im a a d j u s t e d  t o  t h a t  o f  t h e  m ix ed  f u n c t i o n ,
A B( r ^ ^ , T + r y ^ ) - »  T h is  h a s  b e e n  shown g r a p h i c a l l y  f o r  t h e  Me/H an d  t h e  
Me/Br f u n c t i o n s  i n  f i g u r e s  6 . A and  6 .5 *
* One f u n c t i o n  i s  h a r d e r  t h a n  a n o t h e r  i f  a t  t h e  same d i s t a n c e  s h o r t  
o f  t h e  Van d e r  W aals  s e p a r a t i o n  i t s  v a l u e  o f  - d E / d r  i s  t h e  g r e a t e r .
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Figure 6 .4 . Graphs of Me/Me, Me/H and H/H non-bonded p o te n tia l fun ctions  
^plotted with coincident minima; values of r r e la te  to the Me/H fu n ction .
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Figure 6 . 5 . Graphs of Me/Me, Me/Br and Br/Br non-bonded p o te n tia l fun ctions  
p lo tted  with coincident minima; values of r r e la te  to the Me/Br function*
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F o r  i n t e r a c t i o n s  b e tw e e n  a tom s o f  d i f f e r e n t  t y p e s ,  c a l l  them 
a tom s A ( n o n - m e t a l )  an d  C ( m e t a l ) ,  t h e  m ixed  f u n c t i o n  h a s  b e e n  t a k e n  
a s  t h e  sum o f  t h e  f u n c t i o n  f o r  A/A and o n e - h u n d r e d t h  t h e  f u n c t i o n  f o r  
C/C w i t h  t h e  p o s i t i o n s  o f  t h e i r  m inim a a d j u s t e d  t o  t h a t  o f  t h e  m ixed  
f u n c t i o n .  T h i s  h a s  b e e n  shown g r a p h i c a l l y  f o r  t h e  Me/Hg f u n c t i o n  i n  
f i g u r e  6 . 6 .
T hese  m e th o d  o f  c o m b in a t io n  a r e  e n t i r e l y  a r b i t r a r y  h a v i n g  b e e n  
fo u n d e d  on t h e  i n t u i t i o n  t h a t  a  m ixed  f u n c t i o n  s h o u ld  l i e  i n  h a r d n e s s  
somewhere b e tw e e n  t h e  ( p u r e )  c o n t r i b u t i n g  f u n c t i o n s .  The a r i t h m e t i c  
mean i s  an  o b v io u s  c h o i c e  o f  a c h i e v i n g  t h i s  and  h a s  b e e n  u s e d  w h en ev er  
p o s s i b l e ;  ho w ev er ,  f o r  a tom s o f  d i f f e r e n t  ty p e  s u c h  a  f u n c t i o n  h a s  
b e e n  f o u n d  t o  be to o  h a r d  and  . t r i a l  and  e r r o r  h av e  d i c t a t e d  t h a t  t h e  
p a r t i c u l a r  c o m b in a t io n  be u s e d .
I n  f i g u r e  6 . 7  a r e  shown th e  f u n c t i o n s  f o r  Me/H, Me/Me, M e/Br 
( r e p r e s e n t i n g  a l s o  M e/Cl and  M e /I )  and  Me/Hg ( r e p r e s e n t i n g  a l s o  M e/Sn) 
p l o t t e d  w i t h  c o i n c i d e n t  m in im a . They a r e  a l l  q u i t e  s i m i l a r ,  w h ic h  on 
t h e  b a s i s  o f  p r e s e n t  k now ledge  s u g g e s t s  t h a t  t h e y  c a n n o t  be  f a r  w rong 
i n  r e p r e s e n t i n g  t h e  a c t u a l  f u n c t i o n s .  I t  i s  a p p a r e n t  f ro m  f i g u r e  6 .7  
t h a t  t h e  o r d e r  o f  h a r d n e s s  o f  t h e s e  f u n c t i o n s  i s
Me/H > M e /m e ta l  > M e /h a lo g e n  > Me/Me 6 . 5
The h a r d n e s s  o f  Me/H seem s m e r i t e d  on t h e  b a s i s  o f  th e  s m a l l  Van d e r  
W aals r a d i u s  o f  h y d ro g e n .  G e n e r a l l y ,  M e /m e ta l  f u n c t i o n s  m ig h t  be 
e x p e c t e d  t o  be h a r d e r  t h a n  M e /n o n -m e ta l  f u n c t i o n s  ow ing t o  t h e  
h a r d n e s s  o f  t h e  m e t a l / m e t a l  f u n c t i o n s .  F i n a l l y ,  t h e  M e /h a lo g e n  
f u n c t i o n s  m ig h t  be e x p e c t e d  t o  be h a r d e r  t h a n  t h e  Me/Me f u n c t i o n  on 
a c c o u n t  o f  th e  s m a l l e r  Van d e r  Waals r a d i i  o f  t h e  h a lo g e n  com pared  
w i t h  m e t h y l .
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Figure 6 .6 . Graphs of Me/fae, Me/Hg and Hg/Hg non-bonded p o te n tia l fun ctions  
p lo tted  with coincident minima; values of r r e la te  to the Me/Hg fu n ction .
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The f u n c t i o n s  Me/H, M e/lie , Me/Br and  Me/Hg a r e  shown w i t h  t h e i r  
Van d e r  W aals  m ininra c o r r e c t l y  p o s i t i o n e d  i n  f i g u r e  6 , 8 ,
S in c e  t h i s  w ork i s  c o n c e rn e d  w i t h  t h e  s t e r i c  i n t e r a c t i o n  b e tw e e n  
t h e  a l k y l  g ro u p  u n d e r g o in g  s u b s t i t u t i o n  and  o t h e r  a tom s i n  t h e  s y s t e m s ,  
t h o s e  f u n c t i o n s  i n v o l v i n g  m e th y l  g ro u p s  a r e  o f  m a jo r  im p o r t a n c e  and  
t h e  m a t h e m a t i c a l  e x p r e s s i o n s  o f  t h e  a p p r o p r i a t e  m ixed  f u n c t i o n s  a r e  
g iv e n  i n  T a b le  2 4 , 3 ,  p ag e  3 1 8 . Of t h e  49 f u n c t i o n s  r e l a t i n g  t h e  
i n t e r a c t i o n s  o f  s e v e n  s p e c i e s  w h ich  c a n  be f o r m u l a t e d  a c c o r d i n g  to  
t h e  c o m b in a t io n  r u l e s  d e s c r i b e d ,  o n ly  t h i r t e e n  h av e  b e e n  l i s t e d ,  s e e  
T a b l e s  6 . 2  and  2 4 .3 *  The r e m a in in g  f u n c t i o n s  a r e  i n  t h e  m a in  n o t  
r e l e v a n t  t o  t h i s  d i s c u s s i o n  and  w i l l  n o t  be l i s t e d ,  b u t  a t t e n t i o n  w i l l  
be  g iv e n  to  any  p a r t i c u l a r  one a t  s u c h  t im e  i f  and  when i t  i s  used#
i v )  The V an_der W aals  s h e l l  o f  th e  m e th y l  g ro u p
I n  t h i s  work t h e  Van d e r  W aals  s h e l l  a b o u t  a tom s h a s  b e e n  
r e g a r d e d  a s  s p h e r i c a l .  However, t h e  Van d e r  W aals s h e l l  o f  a  m e th y l  
g ro u p  c o n s t r u c t e d  from  t h e  l i m i t s  o f  t h e  c a rb o n  and  h y d ro g e n  s h e l l s  
c o u ld  c e r t a i n l y  n o t  be r e g a r d e d  a s  a  s p h e r e  w i t h  i t s  c e n t r e  a t  t h e  
c a rb o n  a tom , s i n c e  t h e  h y d ro g e n  Van d e r  W aals s p h e r e s  p r o j e c t  m a in ly  
i n  th e  d i r e c t i o n  away from  t h e  c o v a l e n t  bond o f  t h e  m e th y l  g ro u p #
F o r  t h i s  w ork t h e  Van d e r  W aals  s h e l l  o f  t h e  m e th y l  g ro u p  h a s  
b e e n  r e g a r d e d  a s  a  h e m is p h e re  w i t h  c a r b o n  a s  t h e  c e n t r e  o f  r a d i u s  i n  
t h e  d i r e c t i o n  away from  t h e  c o v a l e n t  bond and  a s  a  h e m i - e l l i p s o i d  i n  
t h e  d i r e c t i o n  o f  th e  c o v a l e n t  bond ( s e e  f i g u r e  2 4 , 1 ,  p a g e  31 7 )*  The 
s e m i - m a jo r  a x i s  o f  t h e  h e m i - e l l i p s o i d  i s  e q u a l  to  t h e  r a d i u s  o f  t h e  
h e m is p h e re  w h ich  i n  t u r n  i s  t a k e n  to  be t h e  n o m in a l  Van d e r  W aals  
r a d i u s  o f  t h e  m e th y l  g ro u p ,  i . e .  2 2 .  The s e m i -m in o r  a x i s  h a s  b e e n  
f i x e d  so  t h a t  f o r  a  m o le c u le  o f  p ro p a n e  t h e  d i s t a n c e  b e tw e e n  t h e
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t e r m i n a l  m e th y l  g ro u p s  w ould  c o r r e s p o n d  to  a  z e r o  i n t e r a c t i o n ,  t h e
C.C C a n g l e  b e i n g  t a k e n  a s  109° 2 8 1.I d. $
P u t t i n g  t h i s  a n o t h e r  way, c o n s i d e r  t h a t  t h e  minimum o f  t h e  Me/Me 
f u n c t i o n  i s  s h i f t e d  s u c h  t h a t  z e r o  i n t e r a c t i o n  o c c u r s  a t  t h e  t e r m i n a l  
m e th y l  s e p a r a t i o n  ( c a r b o n ‘a s  c e n t r e )  f o r  p r o p a n e ;  t h e  minimum o f  t h e  
f u n c t i o n  i s  t h e n  a t  tw ic e  t h e  Van d e r  W aals  r a d i u s  o f  t h e  m e th y l  g ro u p  
i n  a  d i r e c t i o n  o f  -*i-(l80o -  109° 2 8 ’ ) t o  t h e  c o v a l e n t  b o n d ,  i . e .  a  Van 
d e r  W aals  r a d i u s  o f  1 ,4 9  2  a t  35°  16* from  t h e  c o v a l e n t  bond#
T h is  i s  s u f f i c i e n t  t o  f i x  t h e  d im e n s io n s  o f  t h e  h e m i - e l l i p s o i d ,  
th e  s e m i -m in o r  a x i s  o f  w h ich  becom es v e r y  n e a r l y  1 .3 5  F u l l  d e t a i l s  
o f  t h e  c a l c u l a t i o n s  l e a d i n g  to  t h e  e l u c i d a t i o n  o f  th e  s h a p e  o f  t h e  
h e m i - e l l i p s o i d  and  how s u i t a b l e  c o r r e c t i o n s  a r e  made to  t h e  n o n -b o n d e d  
f u n c t i o n s  c a n  be fo u n d  i n  s e c t i o n  2 4 . 4 .
I t  i s  r e a l i s e d  t h a t  t h e  i n t e r a c t i o n  a t  t h e  c a rb o n  a tom  o f  a  
m e th y l  g ro u p  w i l l  be  d i f f e r e n t  d e p e n d in g  upon  w h e th e r  a p p r o a c h e d  from  
th e  d i r e c t i o n  o f  t h e  c o v a l e n t  bond o r  f rom  a  d i r e c t i o n  away f ro m  t h e  
c o v a l e n t  bond* b u t  t h i s  i s  n o t  i m p o r t a n t  s i n c e  i n  r e a l i t y  t h e r e  c a n  
be no s u c h  c l o s e  a p p r o a c h  ow ing to  t h e  e x t r e m e l y  h ig h  r e p u l s i o n s  t h a t  
w ould  r e s u l t .  F u r t h e r ,  i t  i s  m a in ly  t h e  weak i n t e r a c t i o n s  w h ic h  a r e  
o f  im p o r ta n c e  i n  t h i s  s t u d y ,  n o t  t h e  s t r o n g  i n t e r a c t i o n s .
v )  The e x p r e s s i o n  f o r  s t e r i c  i n t e r a c t i o n  and  i t s  e v a l u a t i o n
.In many c a s e s  to  be c o n s i d e r e d ,  s t e r i c  i n t e r a c t i o n s  w i l l  be 
c a l c u l a t e d  f o r  two g ro u p s  b o th  o f  w h ich  a r e  b o n d e d ,  o r  p a r t i a l l y  
b o n d e d ,  t o  a  t h i r d  atom  o r  g ro u p ,  a s  i n  f i g u r e  6 . 9 a .  C l e a r l y ,  f o r  a  
g iv e n  s e p a r a t i o n ,  r ,  t h e  i n t e r a c t i o n ,  V r, b e tw e e n  atom  1 an d  a tom  3 
i d . l l  d epend  on t h e  a n g l e  co. As (o •> l 8o ° ,  t h e  i n t e r a c t i o n  w i l l  become 
v e r y  s m a l l  a s  a tom s 1 and  3 w i l l  be s h i e l d e d  f rom  e a c h  o t h e r  by  t h e
atom  2 .  P a u l i n g  (7 1 c )  h a s  s u g g e s t e d  t h a t  t h e  Van d e r  W aals  r a d i u s  o f
an  atom  s u c h  a s  1 he  t a k e n  t o  be l e s s  t h a n  th e  n o rm a l  r a d i u s  a l o n g
t h e  d i r e c t i o n  1 ^ 2 ,  and  i n  t h e  c a l c u l a t i o n s  by  I n g o l d  and  c o w o rk e rs
( 6 8 , 6 9 ) t h i s  i s  w ha t h a s  b e e n  d o n e .  I t  i s  s i m p l e r ,  h o w e v e r ,  t o  t a k e
a  f i x e d  Van d e r  W aals r a d i u s  and  to  c o r r e c t  t h e  i n t e r a c t i o n  t h u s
00
o b t a i n e d * .  The e x p r e s s i o n  E =- V r .c o s  — h a s  b e e n  u s e d ,  w here  Vr i s  
t h e  e n e rg y  c a l c u l a t e d  f rom  t h e  p o t e n t i a l  f u n c t i o n  u s e d  and  E i s  t h e  
c o r r e c t e d  e n e rg y  o f  i n t e r a c t i o n * * .
F o r  c a s e s  s u c h  a s  t h a t  shown i n  f i g u r e  6 ,9 b  t h e  e n e r g y  i s  
s i m i l a r l y  e x p r e s s e d  e x c e p t  t h a t  w r e f e r s  t o  t h e  d i h e d r a l  a n g l e .
(b )( a )
F i g u r e  6 ,9*  T h ree  and  f o u r  atom  g r o u p in g s  sh o w in g  r  and  &.
S in c e  t h e  n o n -b o n d in g  i n t e r a c t i o n  b e tw e e n  two a tom s i s  a  f u n c t i o n  
o f  t h e  s h i e l d i n g  e f f e c t  o f  i n t e r m e d i a t e  a tom s r a t h e r  t h a n  o f  t h e  
a c t u a l  b o n d in g  s e q u e n c e  b e tw e e n  them a l l  c a s e s  o f  n o n - b o n d in g  i n t e r ­
a c t i o n  h av e  b e e n  p u t  i n t o  one o f  f o u r  c a t e g o r i e s .  T hese  a r e  
1 ) t h r e e  atom  s y s t e m s ,  2 ) f o u r  atom  s y s t e m s ,  3 ) d i r e c t  i n t e r a c t i o n  
s y s te m s  and  *f) n o n - i n t e r a c t i n g  s y s t e m s .
T h is  h a s  b e e n  done by a s s u m in g  a  d i r e c t  c o n n e c t i o n  b e tw e e n  t h e  
Ga  atom  o f  t h e  m oving  g ro u p  and  any  a tom , g ,  i n  t h e  l e a v i n g  g ro u p  o r
* The c o r r e c t i o n  f a c t o r  o f  co s  ~  i s  a l s o  a p p l i e d  to  m e th y l  g r o u p s .
I t s  a p p l i c a t i o n  i n  t h e  c a s e  o f  p ro p a n e  d o es  n o t  a f f e c t  t h e  i n t e r a c t i o n  
b e tw e e n  th e  m e th y l  g ro u p s  f o r  i t  r e m a in s  a  z e r o  i n t e r a c t i o n .
14 ?
e n t e r i n g  g ro u p  o f  t h e  t r a n s i t i o n  s t a t e  o r  t h e  p o t e n t i a l  l e a v i n g  g ro u p  
o f  t h e  i n i t i a l  s t a t e .  Then i n t e r a c t i o n s  i n v o l v i n g  th e  a l k y l  g ro u p  
w i l l  be c l a s s i f i e d  a s  shown i n  f i g u r e  6 , 1 0 .
( a )  (b )  ( c )
F i g u i e  6 . 1 0 # a )  The t h r e e  atom s y s t e m ,  b )  The f o u r  a tom  s y s t e m ,  
c )  An exam ple  o f  a  n o n - i n t e r a c t i n g  s y s t e m ,  t h e  two m e rc u ry  a tom s 
e f f e c t i n g  c o m p le te  s h i e l d i n g  b e tw e e n  and  Br-g.
D i r e c t  i n t e r a c t i o n  s y s te m s  a r e  c o n s i d e r e d  o n ly  f o r  t h e  i n t e r ­
a c t i o n s  b e tw e e n  t h e  e n t e r i n g  and  l e a v i n g  g ro u p s  and  w i l l  be a p p l i e d  
to  g ro u p s  o f  c l o s e s t  a p p r o a c h .
I n  f o u r  atom  s y s te m s  t h e  C m e t h y l  g ro u p  was r e g a r d e d  a s  
p o s s e s s i n g  a  s p h e r i c a l  Van d e r  W aals  s h e l l  s o l e l y  t o  r e d u c e  t h e  
e x t e n t  o f  c a l c u l a t i o n s  i n v o l v e d .  T h is  was n o t  e x p e c t e d  t o  a l t e r  
t h e  a p p a r e n t  i n t e r a c t i o n s  v e r y  much f o r  th e  f o l l o w i n g  r e a s o n s ;
1) When t h e  c e n t r e s  o f  i n t e r a c t i o n  w ere  a t  s h o r t  s e p a r a t i o n  th e  
a t t i t u d e  o f  t h e  m e th y l  g ro u p  was s u c h  t h a t  th e  " l i n e  o f  i n t e r a c t i o n "  
p a s s e d  c l o s e  t o  t h e  h e m i - s p h e r e / h e m i - e l l i p s o i d  i n t e r f a c e  i n  w h ich  
r e g i o n  th e  Van d e r  W aals r a d i u s  i s  c l o s e  t o  t h e  n o m in a l  v a l u e  o f  2 2 .
2) At l a r g e  s e p a r a t i o n s  t h e  i n t e r a c t i o n  was i n  t h e  r e g i o n  o f  t h e  Van 
d e r  W aals minimum w here  th e  e n e rg y  o f  i n t e r a c t i o n  i s  n o t  v e r y  s e n s i t i v e  
t o  s m a l l  v a r i a t i o n s  i n  s e p a r a t i o n .
3 )  At l a r g e  s e p a r a t i o n s  w here  t h e  l i n e  o f  i n t e r a c t i o n  p a s s e s  c l o s e
0)
to  t h e  c o v a l e n t  bond  th e  cos  ^  te rm  r e d u c e s  t h e  i n t e r a c t i o n  t o  n e a r  
z e r o .
The p r o c e s s  f o r  t h e  c a l c u l a t i o n  o f  t h e  s t e r i c  i n t e r a c t i o n  f o r  a  
M e/g s y s te m  can  f i n a l l y  be d e t a i l e d :
1 , A s c e r t a i n  t h a t  i t  i s  n o t  a  n o n - i n t e r a c t i n g  s y s t e m ,
2 ,  C a l c u l a t e  t h e  d i s t a n c e ,  r ,  b e tw e e n  th e  i n t e r a c t i n g  c e n t r e s ,
3 ,  C a l c u l a t e  t h e  v a l u e  o f  w a c c o r d i n g  t o  w h e th e r  i t  i s  a  t h r e e  o r  a  
f o u r  atom  s y s t e m .
I f  a  t h r e e  atom  s y s t e m ,  c a l c u l a t e  t h e  Van d e r  W aals  r a d i u s  o f  t h e  
m e th y l  gboup i n  t h e  d i r e c t i o n  o f  t h e  " l i n e  o f  i n t e r a c t i o n " ,
3 .  E v a l u a t e  V r, f rom  t h e  a p p r o p r i a t e  n o n -b o n d e d  f u n c t i o n  f o r  t h e  
d i s t a n c e  r  m ak ing  s u i t a b l e  a d j u s t m e n t s  t o  t h e  f u n c t i o n  t o  t a k e  i n t o  
a c c o u n t  t h e  e f f e c t i v e  Van d e r  W aals  r a d i u s  o f  ^he m e th y l  g r o u p ,
r  w6 ,  C o r r e c t  t h e  v a l u e  o f  Vr by t h e  f a c t o r  cos
The c a l c u l a t i o n  o f  d i r e c t  s t e r i c  i n t e r a c t i o n s  i n v o l v e s  o n l y  t h e  
d e t e r m i n a t i o n  o f  t h e  s e p a r a t i o n ,  r ,  and  th e  e v a l u a t i o n  o f  t h e  n o n -  
bonded  f u n c t i o n  f o r  t h e  s e p a r a t i o n ,
b )  The fu n d a m e n ta l  fo rm  o f  t h e  t r a n s i t i o n  s t a t e  m odel
The b a s i c  fo rm  o f  t h e  t r a n s i t i o n  s t a t e  m odel f o r  an  S ,^2 m echan ism  
i s  one i n  w h ich  t h e  e n t e r i n g  g ro u p  and  th e  l e a v i n g  g ro u p  a p p e a r  on t h e  
same s i d e  o f  t h e  a t t a c k e d  c a rb o n  a to m , s e e  f i g u r e  6 , 1 1 ,
f i g u r e  6 , 1 1 ,  The t r a n s i t i o n  s t a t e  m ode l f o r  m echanism  St-,2,ill
A p a r t  from  t h i s ,  l i t t l e  i f  a n y t n i n g  i s  known a b o u t  t h e  a c t u a l  
g e o m e try  o f  th e  t r a n s i t i o n  s t a t e .  The a n g l e  a t  t h e  C a tom  s u b te n d e d
(X
by t h e  l i n e  j o i n i n g  t h e  e n t e r i n g  and  l e a v i n g  g ro u p  i s  n o t  know n.
l e a v i n g  g ro u p
m oving  g ro u p
e n t e r i n g  g ro u p
Hughes and  V o lg e r  (1 5 )  s u g g e s t e d  a  v a l u e  o f  S l .^ f0 , w h i le  c a l c u l a t i o n s  
by G i e l e n  an d  N a s i e l s k i  (1 2 )  gave  a  v a l u e  o f  7 6 . 8° ,  I t  i s  n o t  known 
i f  t h i s  a n g l e  i s  d i f f e r e n t  f o r  d i f f e r e n t  t r a n s i t i o n  s t a t e s ,  a l t h o u g h  
i t  seem s q u i t e  l i k e l y  t h a t  i t  w ould  b e .  The l e n g t h s  o f  t h e  p a r t i a l  
b onds  b e tw e e n  th e  Ca  atom  and  th e  e n t e r i n g  and  l e a v i n g  g ro u p s  a r e  a. 
m a t t e r  f o r  s p e c u l a t i o n .  I t  i s  p r o b a b l e  t h a t  o t h e r  bonds  and  b o n d in g  
a n g l e s  w i l l  n o t  be t h e  same a s  i n  t h e  i n i t i a l  s t a t e s .
I n  s e c t i o n s  21 an d  2 2 ,  p a g e s  287  and  295 j t h e  g e o m e try  o f  s u c h  
t r a n s i t i o n  s t a t e  m o d e ls  h a s  b e e n  d e f i n e d  i n  g e n e r a l  t e r m s :  The
p o s i t i o n  i n  s p a c e  o f  a  p o i n t ,  g ,  w h ich  may be  c o n s i d e r e d  a s  a n  atom  
i n  t h e  e n t e r i n g  o r  l e a v i n g  g ro u p ,  h a s  b e e n  d e f i n e d  i n  t e rm s  o f  t h e  
r e c t a n g u l a r  c o o r d i n a t e s  p a r a l l e l  t o  -p lanes  i n t e r s e c t i n g  a t  t h e  C“ Qr
atom  o f  t h e  m oving  g r o u p .  The p o s i t i o n  o f  t h e  and  a tom s  i n  t h e  
m oving g ro u p  h a s  b e e n  s i m i l a r l y  d e f i n e d  i n  te rm s  o f  t h e  u n s p e c i f i e d  
bond l e n g t h s ,  bond a n g l e s  an d  a n g l e s  o f  r o t a t i o n  o f  t h e  an d  
a to m s .  I t  h a s  t h u s  b e e n  p o s s i b l e  t o  c a l c u l a t e  t h e  s e p a r a t i o n  o f  a  
m e th y l  g ro u p  i n  t h e  m oving  g ro u p  and  an y  atom  i n  t h e  e n t e r i n g  o r  
l e a v i n g  g ro u p  g iv e n  v a l u e s  o f  a l l  t h e  p a r a m e t e r s .
B e f o r e  any  u s e f u l  c a l c u l a t i o n s  c o u ld  be d o n e ,  h o w ev e r ,  i t  was 
n e c e s s a r y  f i r s t  t o  r e d u c e  t h e  number o f  v a r i a b l e  p a r a m e t e r s  t o  a s  few  
a s  p o s s i b l e  t o  r e n d e r  t h e  p ro b le m  more t a n g i b l e ,  by m ak in g  some 
a s s u m p t io n s  a b o u t  t h e  bond  l e n g t h s  and  a n g l e s  i n  t h e  t r a n s i t i o n  
s t a t e  m o d e l .
F i r s t l y ,  i t  h a s  b e e n  assum ed  t h a t  t h e  u n a t t a c k e d  c o v a l e n t  b o n d s  
a t  c a rb o n  r e m a in  t e t r a h e d r a l l y  d i s p o s e d  and  u n c h a n g e d  i n  l e n g t h .  
S e c o n d ly ,  bond  l e n g t h s  and  a n g l e s  d e f i n i n g  t h e  s t r u c t u r e  o f  t h e  
e n t e r i n g  a.nd l e a v i n g  g ro u p s  have  b e e n  e s t i m a t e d  so  t h a t  t h e  p o s i t i o n  
o f  t h e  c o m p o s i te  a tom s c o u ld  be d e f i n e d  i n  te rm s  o f  t h e  l e a s t  num ber
o f  p a r a m e t e r s ;  t h i s  i s  d e a l t  w i t h  i n  s e c t i o n  2 3 s p ag e  3 0 7 *
F i n a l l y ,  t h e  r e m a in in g  p a r a m e t e r s  w ere  g iv e n  v a l u e s  o r  r a n g e s  o f  
v a l u e s  t o  a l l o w  c a l c u l a t i o n s  o f  s t e r i c  i n t e r a c t i o n s  t o  be  p e r f o r m e d .  
I t  i s  t h i s  l a s t  p a r t  w h ich  r e c e i v e s  t h e  m ost a t t e n t i o n  i n  t h i s  
s e c t i o n ,  f o r  i t  i s  f ro m  t h i s  t h a t  v a l u e s  f o r  t h e  p a r t i a l  bond  l e n g t h s  
and  b o n d in g  a n g l e  a t  t h e  a t t a c k e d  c a rb o n  atom  w i l l  come*
c) The r o t a t i o n a l  e n e r g y _ _ n r o f i le s
I f  t h e  t r a n s i t i o n  s t a t e  m odel i s  v iew ed  a l o n g  t h e  m e d ia n  l i n e  
( t h e  b i s e c t o r  o f  t h e  a n g l e  a t  t h e  C atom  o f  t h e  m oving  g ro u p  b e tw e e nOj
t h e  p a r t i a l  bonds  t o  t h e  e n t e r i n g  and  l e a v i n g  g r o u p s ,  s e e  p a g e  2 8 7 ) 
th e  t h r e e  g ro u p s  m^, an d  m^ i n  t h e  (3 p o s i t i o n *  may fo rm  a  r e g u l a r  
p a t t e r n  a s  shown i n  f i g u r e  6 . 1 2 .
F i g u r e  6 * 1 2 . D iagram  o f  t h e  t r a n s i t i o n  s t a t e  m odel v ie w e d  a l o n g  t h e
m e d ian  l i n e .
By d e f i n i t i o n  t h e  a n g l e  o f  r o t a t i o n  0^ f o r  g ro u p s  m^, m^ and  m^
a r e  0 ,  120 and  24-0°. T h e re  w i l l  be a  s t e r i c  i n t e r a c t i o n  b e tw e e n  e a c h
o f  t h e  g ro u p s  m^, m^ and  m^ and  t h e  e n t e r i n g  and  l e a v i n g  g r o u p s ,  g^
and g ^ ,  w h ich  w i l l  dep en d  upon  th e  d i s t a n c e s  o f  s e p a r a t i o n  an d  t h e
0)
m o d i f y in g  f a c t o r s  e q u i v a l e n t  t o  co s  —. T h ese  i n d i v i d u a l  i n t e r a c t i o n s
* T h a t  i s  a  p o s i t i o n  t h a t  w ould  be o c c u p ie d  by a  a to m .
a r e  summed to  g iv e  t h e  s t e r i c  i n t e r a c t i o n  b e tw e e n  th e  m ov ing  g r o u p ,  
and  t h e  e n t e r i n g  and  l e a v i n g  g ro u p s  f o r  t h i s  p a r t i c u l a r  c o n f i g u r a t i o n .  
Now t h e  m oving  g ro u p  h a s  t h e  c a p a c i t y  t o  r o t a t e  b u t  i n  so  d o in g  t h e  
d i s t a n c e s  b e tw e e n  t h e  i n t e r a c t i n g  g ro u p s  w i l l  change  an d  r e s u l t  i n  a  
change  i n  t h e  s t e r i c  i n t e r a c t i o n  b e tw e e n  t h e  m oving  g r o u p ,  and  t h e  
e n t e r i n g  and  l e a v i n g  g r o u p s .  As ^ c h a n g e s  f rom  0 t h r o u g h  t o  3 60° 
( i . e .  t h e  C atom  r o t a t e s  th r o u g h  3 ^0 ° )  t h e  s t e r i c  i n t e r a c t i o n  canCh
be c a l c u l a t e d  and  p l o t t e d  o u t  a s  t h e  a  r o t a t i o n a l  e n e rg y  p r o f i l e  t o  
show t h e  b a r r i e r s  to  r o t a t i o n .
S i m i l a r l y ,  t h e r e  i s  t h e  P r o t a t i o n a l  e n e rg y  p r o f i l e  r e s u l t i n g  
from  t h e  r o t a t i o n  o f  a  a tom  i n  t h e  m oving  g roup*  The a n g l e  o f  
r o t a t i o n ,  ji' 9 f o r  a  g ro u p  i n  t h e  Y p o s i t i o n *  i s  d e f i n e d  a s  0 °  when i t  
i s  n e a r e s t  t h e  r e a c t i o n  c e n t r e  w h i l e  i n  t h e  r e f e r e n c e  p l a n e  ( t h e  
p l a n e  p a s s i n g  th r o u g h  th e  m e d ian  l i n e  w h ich  c o n t a i n s  t h e  a tom , 
s e e  p ag e  2 8 ? ) ,  an d  i t  i s  m e a su re d  i n  t h e  same s e n s e  a s  The P
r o t a t i o n a l  e n e rg y  p r o f i l e  w i l l  depend  upon t h e  v a l u e  o f  jzf ^ , an d  t h e  
s t e r i c  i n t e r a c t i o n  on t h e  m oving  g ro u p  a t  any  one t im e  w i l l  be  t h e  
sum o f  a l l  c o n t r i b u t i o n s .  T h u s ,  i t  w ould  be e x p e c t e d  t h a t  a s  t h e  
atom  i n  t h e  m oving  g ro u p  r o t a t e d ,  so  to o  w ou ld  t h e  a tom  s u c h  
t h a t  t h e  t o t a l  s t e r i c  i n t e r a c t i o n  was a  minimum. The c a l c u l a t i o n  o f  
t h e  p r o t a t i o n a l  e n e rg y  p r o f i l e  u n d e r  t h e s e  c o n d i t i o n s  w ould  r e q u i r e  
much l o n g e r  c a l c u l a t i o n s  w h ich  a r e  n o t  w o r th  t h e  t r o u b l e  a t  t h i s  
s t a g e .  C o n s e q u e n t ly ,  P r o t a t i o n a l  e n e rg y  p r o f i l e s  h ave  a lw a y s  b e e n  
c a l c u l a t e d  f o r  a  f i x e d
From th e  r o t a t i o n a l  e n e rg y  p r o f i l e  i t  s h o u ld  b e  p o s s i b l e  t o  
c a l c u l a t e  t h e  r a t e  o f  r e a c t i o n .  As d e s c r i b e d  by  t h e  A r r h e n i u s  
e q u a t i o n ,  e q u a t i o n  6 . 6 , t h e  r a t e  o f  r e a c t i o n  i s  th e  p r o d u c t  o f  two 
* T h a t  i s  a  p o s i t i o n  t h a t  w ould  be o c c u p i e d  by  a  C a to m .
f a c t o r s ,  t h e  f r e q u e n c y  f a c t o r  A w h ich  i s  a n  e n t r o p i c  f a c t o r ,  and  t h e
te rm  exp(-33 /R T ) w h ich  i s  an  e n t h a l p i c  f a c t o r .  The e n t h a l p i c  f a c t o ra
- E
k  =- A .e  RT 6 . 6
c o n t a i n s  a  p a r a m e t e r  E^ , t h e  A r r h e n iu s  a c t i v a t i o n  e n e r g y ,  w h ich  i s  
t h e  d i f f e r e n c e  b e tw e e n  t h e  t r a n s i t i o n  s t a t e  an d  i n i t i a l  s t a t e  minimum 
e n e r g i e s .  The minimum e n e rg y  o f  t h e  t r a n s i t i o n  s t a t e  can  be  o b t a i n e d  
f rom  t h e  r o t a t i o n a l  e n e rg y  p r o f i l e  and  t h e  minimum e n e rg y  o f  t h e  
i n i t i a l  s t a t e  can  be o b t a i n e d  i n  a  s i m i l a r  way.
The e n t r o p i c  f a c t o r  w i l l  i n  some way be  r e l a t e d  t o  t h e  s h a p e  o f
th e  r o t a t i o n a l  e n e rg y  p r o f i l e  a l t h o u g h  e x a c t l y  how i s  n o t  know n. 
N e v e r t h e l e s s ,  a  m ethod  o f  c a l c u l a t i n g  an  e n t r o p i c  f a c t o r  w i l l  be 
d e s c r i b e d  hnd t r i e d .
The n e x t  two s u b s e c t i o n s  w i l l  d e a l  w i t h  t h e  e n t h a l p i c  and  
e n t r o p i c  f a c t o r s .
d) The e n t h a l g i c  f a c t o r
R e t u r n i n g  t o  f i g u r e  6 . 1 2 ,  i f  t h e  m oving  g ro u p  i s  m e th y l  t h e n
g ro u p s  m^, m^ and  m^ w i l l  be h y d ro g e n  a tom s and  i t  m ig h t  be  c o n s i d e r e d
n e c e s s a r y  t o  c a l c u l a t e  i n t e r a c t i o n s  b e tw e e n  t h e s e  h y d ro g e n  a to m s  and  
t h e  e n t e r i n g  and  l e a v i n g  g r o u p s .  H owever, t h e  m e th y l  g ro u p  h a s  so  f a r  
b e e n  c o n s i d e r e d  a s  a  s i n g l e  e n t i t y  and  i t  w ould  be s i m p l e r  t o  m a i n t a i n  
t h i s  c o n c e p t .  I n  f a c t ,  i n t e r a c t i o n s  i n v o l v i n g  h y d ro g e n  ( a s  c a l c u l a t e d  
w i t h  n o n -b o n d e d  f u n c t i o n s  t h a t  c an  be  f o r m u l a t e d  a c c o r d i n g  t o  t h e  
r u l e s  g i v e n  on page  136 e t  s e q )  a r e  n e g l i g a b l e  com pared  w i t h  s i m u l t ­
a n eo u s  i n t e r a c t i o n s  i n  t h e s e  t r a n s i t i o n  s t a t e  m o d e ls .  Thus i n t e r ­
a c t i o n s  i n v o l v i n g  h y d ro g e n  w i l l  be r e g a r d e d  a s  b e i n g  i n c o r p o r a t e d
w i t h i n  t h o s e  o f  th e  r e l a t e d  m e th y l  g r o u p s .
I n  e v e r y  t r a n s i t i o n  s t a t e  to  be  c o n s i d e r e d  t h e r e  w i l l  a lw a y s  be
a  C atom  i n  t h e  m oving  g r o u p ,  and  s i n c e  r e l a t i v e  r a t e s  a r e  t h e  o b j e c t  co
o f  c a l c u l a t i o n  t h e  s t e r i c  i n t e r a c t i o n  on t h e  C atom  may be  d e f i n e d  a s
Ctr
z e r o .  T h u s ,  f o r a  m e th y l  c a s e ,  s i n c e  g ro u p s  m^, m^ and  a r e  h y d ro g e n  
a tom s t h e  s t e r i c  i n t e r a c t i o n  f o r  a l l  c o n f i g u r a t i o n s  o f  b o t i i  t h e  
i n i t i a l  and  t r a n s i t i o n  s t a t e s  w i l l  be z e r o  r e s u l t i n g  i n  a  l e v e l  
r o t a t i o n a l  e n e rg y  p r o f i l e ,  i . e .  no r o t a t i o n a l  b a r r i e r s .
T h is  f u l l y  d e s c r i b e s  t h e  r e q u i r e m e n t  f o r  r a t e s  e x p r e s s e d  r e l a t i v e  
t o  m e th y l  s i n c e  b o t h  t h e  e n t r o p i c  and  e n t h a l p i c  f a c t o r s  f o r  m e th y l  
w i l l  be  u n i t y :
- \  - (E ^ -E 1 ) - (0 - 0 )
.Me _  A RT _ A RT _  „ RT „ ,  _K. — A*0 — A .e  —  ^ 6 #7
T h i s  i s  a  c o n v e n i e n t  r e f e r e n c e  p o i n t ,  and  f o r  any  o t h e r  a l k y l
g ro u p  t h a n  m e th y l ,  s t e r i c  i n t e r a c t i o n s  i n  t h e  i n i t i a l  and  t r a n s i t i o n
s t a t e s  c a n  be e x p r e s s e d  w i th  r e f e r e n c e  to  m e th y l  a s  z e r o .  F o r  an
e t h y l  c a s e  one o f  t h e  h y d ro g e n  a tom s a t  m^, m^ o r  m^ i s  r e p l a c e d  by
a  m e th y l  g r o u p .  Now i f  t h i s  m e th y l  g ro u p  i n t e r a c t s  w i th ,  t h e  e a t e r -
A
m g  and l e a v i n g  g ro u p s  so  t h a t  t h e  minimum s t e r i c  r e p u l s i o n  i s  E ^
-1c a l  mole t h i s  i s  a  r e p u l s i o n  o v e r  an d  above  t h a t  o f  t h e  t h r e e
h y d ro g e n  a to m s .  S i m i l a r l y ,  i f  i n  t h e  i n i t i a l  s t a t e  t h i s  m e th y l  g ro u p
i n t e r a c t s  w i t h  t h e  r e s t  o f  t h e  s u b s t r a t e  m o le c u le  so  t h a t  t h e  minimum
i  —'Is t e r i c  r e p u l s i o n  i s  E^ c a l  m ole t h i s  i s  a  r e p u l s i o n  o v e r  an d  above  
t h a t  o f  t h e  t h r e e  h y d ro g e n  a tom s i n  t h e  i n i t i a l  s t a t e .  ( I n  t h e  
i n i t i a l  s t a t e  o f  t h e  r e a c t a n t s  due f o r  s t u d y ,  RHgBr, REgBr^/**^,
RSnMe^, t h e  a  r o t a t i o n a l  e n e rg y  p r o f i l e s  w i l l  be  o r  w i l l  be c o n s i d e r e d  
to  be l e v e l . )  T h e re  w i l l  t h u s  be an  e n t h a l p i c  e f f e c t  w h ic h  w i l l  be
r e f l e c t e d  i n  t h e  r e a c t i o n  r a t e  c o n s t a n t s  by a  f a c t o r  6 . 3 .
(E 't-E 1 ), E t  - m m  /
RT / „  ,  n- j j j  = e /  1 6 . 8
k  /
F t  MpT h is  i s  d e n o te d  by  f  / f  .
Pr'1* MeI n  th e  same way e n t h a l p i c  te rm s  c a n  be  d e r i v e d  f o r  k  / k  and
k B“ V e , i . e .  f P r i / f Me and  X / f * 6 .
P r *1 Mp B n 3* Mp
To o b t a i n  t h e  e n t h a l p i c  te rm s  f o r  k  / k  , k  / k  and  
P eneo , Mek  / k  i t  i s  n e c e s s a r y  t o  o b t a i n  f i r s t l y  t h e  a  r o t a t i o n a l  e n e r g y  
p r o f i l e s  f o r  th e  Me  ^ g ro u p  ( a c t u a l l y  C^H^), and  o b t a i n  t h e  v a l u e s  o f
a£.
E^ and  E and  a  f a c t o r  f Q ; th e  r o t a t i o n a l  e n e rg y  p r o f i l e s  w i l l  b e
S te q u i v a l e n t  to  t h o s e  f o r  t h e  e t h y l  c a s e ,  i . e .  f  = f  • S e c o n d l y ,
Cu
w i t h  t h e  a n g l e  o f  r o a t i o n  . fo r  t h e  a tom , , a t  a  p o s i t i o n  f o r  
minimum e n e r g y ,  t h e  {3 r o t a t i o n a l  e n e rg y  p r o f i l e  f o r  t h e  Me^. g ro u p s  
a r e  o b t a i n e d ;  i n  t h e  c o r r e s p o n d i n g  i n i t i a l  s t a t e s  t h e r e  w i l l  a l s o  be 
r o t a t i o n a l  e n e rg y  p r o f i l e s .  From t h e s e  (3 r o t a t i o n a l  e n e r g y  p r o f i l e s ,
aI 1
va3.ues o f  S and  E and  th e  f 0 f a c t o r  w i l l  be o b t a i n e d .  The o v e r a l l  m m  p
e n t h a l p y  f a c t o r s  w h i c h - w i l l  "• d e p e n d -u p o n  t h e  - d i f f e r e n c e s  i n . - t h e  t o t a l  
minimum e n e r g i e s  o f  t h e  t r a n s i t i o n  s t a t e s ,  w i l l  be F g iv e n  by 6 . 9 ,
- [ ( E f ) + (E l  -  (Em) -  (E l  ] L m a  m$ m a  m #*nt _ in xu in r* sF = e  ------------------------- — --------------------------  6 . 9
w h ich  i s  e q u i v a l e n t  t o  f  f  ,
a  p i
F o r  s u c h  a  c a s e  a s  Bus , f  w ou ld  be t a k e n  a s  f * r  ,a
e )  T h e ^ e n t r o g i c  f a c t o r
I n  t h e  m e th y l  s u b s t r a t e ,  and  a l s o  i n  t h e  c o r r e s p o n d i n g  t r a n s i t i o n  
s t a t e ,  t h e r e  i s  no i n t e r a c t i o n  i n v o l v i n g  t h e  t h r e e  h y d ro g e n  a to m s ;
t h e  h y d ro g e n  a tom s can  r o t a t e  f r e e l y  a b o u t  t h e  p o t e n t i a l l y  l a b i l e  
bond i n  t h e  i n i t i a l  s t a t e  and  a b o u t  t h e  m ed ian  l i n e  i n  t h e  t r a n s i t i o n  
s t a t e .
However, f o r  an  e t h y l  s u b s t r a t e ,  a l t h o u g h  t h e  P m e th y l  g ro u p  i s
f r e e  to  r o t a t e  a b o u t  t h e  p o t e n t i a l l y  l a b i l e  bond  i n  t h e  i n i t i a l  s t a t e ,
r o t a t i o n  o f  t h i s  m e th y l  g ro u p  a ro u n d  t h e  m e d ian  l i n e  i n  t h e  t r a n s i t i o n
s t a t e  i s  r e s t r i c t e d  by a  t w o - f o l d  b a r r i e r  c a u s e d  by i t s  c l o s e  a p p r o a c h
t o  t h e  l e a v i n g  and  e n t e r i n g  g r o u p s .  T h i s  s i t u a t i o n  i s  r e m i n i s c e n t
( lA )  o f  t h e  r o t a t i o n a l  r e s t r i c t i o n  o f  th e  m e th y l  g ro u p  i n  p r o p y l
h a l i d e s  (CH_CH_CH*X) i n  t h e  t r a n s i t i o n  s t a t e  o f  an  S,T2 r e a c t i o n .  I n  3 d. 2 1M
f i g u r e  6^13  t h e  m e th y l  g ro u p  c a n n o t  r o t a t e  f r e e l y  a b o u t  t h e  a x i s .
Y G X
/  \
H H
F i g u r e  6 . 1 3 . An S^2 t r a n s i t i o n  s t a t e  m ode l i l l u s t r a t i n g  r e s t r i c t i o n
t o  i n t e r n a l  r o t a t i o n .
I v a n o f f  and  M agat (15^-) q u o te  t h e  r e s u l t s  shown i n  T a b le  6 .3 *
The P f a c t o r  i s  d e f i n e d  a s  A ( P r ) / A ( E t )  and  r a n g e s  f rom  O.A3 t o  0 .6 9 *  
They i n t e r p r e t  t h i s  r e t a r d a t i o n  o f  t h e  r a t e  o f  r e a c t i o n  i n  t h e  p r o p y l  
h a l i d e s  a s  due t o  r e s t r i c t i o n  o f  r o t a t i o n  i n  t h e  p r o p y l  t r a n s i t i o n  
s t a t e s ,  and  th e y  s u g g e s t  t h a t  t h e  Me g ro u p  can  a d o p t  two p o s s i b l e  
c o n f i g u r a t i o n s  i n  t h e  t r a n s i t i o n  s t a t e  ( f i g u r e  6 . i 3 ) b u t  c a n  a d o p t  
t h r e e  c o n f i g u r a t i o n s  i n  t h e  i n i t i a l  s t a t e .  I v a n o f f  and  M agat p r o p o s e d  
( 1 3 ^) t h a t  t h e  r a t i o  o f  t h e s e  num bers o f  c o n f i g u r a t i o n s ,  v i z  0 *6 7 , 
w ould  g iv e  a  m e a su re  o f  th e  e f f e c t  o f  t h e  r o t a t i o n a l  r e s t r i c t i o n  on 
t h e  r a t e  o f  t h e  r e a c t i o n  o f  t h e  p r o p y l  h a l i d e  r e l a t i v e  t o  t h e  e t h y l  h a l i d e *
T a b le  6 . 3  
K i n e t i c  d a t a  f o r  some S^2 r e a c t i o n s
Reaction A 3 P ref
0.4-5 154-
E t I  +. NMe, 
5
1 .7 8 X 10^ 11400
P r I  + NMe_p 0 .8 0 X io2f 11200
S tB r  + S 0 2 .2 5 X 1010 18200
P rB r  + S. 0
Cm
1 .1 0 X 1010 18200
E t I  + 1 .5 5 X 1010 19000
P r I  + I ^ 1 .0 5 2C 1010 19000
0.4-9 154-
0 . 6 9  155
A l th o u g h  i v a n o f f  and  M agat*s  r a t h e r  c ru d e  e s t i m a t i o n  o f  t h e  P 
f a c t o r  do es  n o t  seem a  s u i t a b l e  m e thod  o f  c a l c u l a t i o n ,  n e v e r t h e l e s s  
i t  d o es  a p p e a r  t h a t  a  r o t a t i o n a l  r e s t r i c t i o n  i n  a  t r a n s i t i o n  s t a t e  
h a s  t h e  e f f e c t  o f  r e d u c i n g  t h e  r e a c t i o n  r a t e  c o n s t a n t  by  l o w e r i n g  t h e  
A f a c t o r ;  t h a t  i s  by an  e n t r o p i c  e f f e c t .  The r e d u c t i o n  i n  r a t e  
m ig h t  be  c o n s i d e r e d  t o  a r i s e  from  a  r e d u c t i o n  i n  th e  number o f  ways 
a v a i l a b l e  f o r  t h e  r e a c t a n t s  t o  r e a c h  t h e  t r a n s i t i o n  s t a t e .
F o r  t h i s  w ork an  a t t e m p t  i s  made t o  c a l c u l a t e  t h e  e f f e c t  o f
r e s t r i c t e d  r o t a t i o n  on t h e  r a t e  by c o n s i d e r i n g  t h e  i n i t i a l  r e a c t a n t
(SMR*^) a s  an  a s s e m b ly  o f  m o l e c u le s  w h ich  on t h e  a v e r a g e  a r e  f r e e  t o
jLr o t a t e  i n t e r n a l l y  o v e r  an  a n g l e  A^ ( a n d  i n  many c a s e s ,  a s  h a s  b e e n  
s e e n ,  t h e r e  i s  no r e s t r i c t i o n  on t h e  p a r t i c u l a r  r o t a t i o n  i n  t h e  
i n i t i a l  s t a t e  and  t h u s  A / 1 = 3 ^ 0 ° )*  S i m i l a r l y  t h e  c o r r e s p o n d i n g  
t r a n s i t i o n  s t a t e  i s  c o n s i d e r e d  a l s o  a s  an  a s s e m b ly  o f  m o l e c u le s  
w i t h  an  a v e r a g e  r o t a t i o n a l  a n g l e  Ajzr , and  t h e  e n t r o p i c  e f f e c t  on 
th e  r e a c t i o n  r a t e  c o n s t a n t  i s  g iv e n  by  th e  r e l a t i o n s h i p  6 . 1 0 .
calculated as followsi
The wells of the potential e n e r g y profiles approximate to
p a r a b o l a e  and  can  be  f i t t e d  t o  a  p a r a b o l i c  f u n c t i o n  o f  t h e  ty p e  
2
V = -g-Kq , w here  q i s  t h e  d i s t a n c e  moved from  t h e  p o t e n t i a l  minimum
and K i s  t h e  f o r c e  c o n s t a n t  ( s e e  s e c t i o n  2 . 2 . b ,  p age  5 2 ) .  Now q w i l l
c o r r e s p o n d  t o  a n g u l a r  m ovem ent, i n  d e g r e e s  and  V w i l l  be  t h e
—1
p o t e n t i a l  e n e rg y  i n  u n i t s  o f  c a l  m ole  ; by  a  s u i t a b l e  c o n v e r s i o n
_2  —1
f a c t o r  (1 c a l  deg  = 1 .0 8 1 7 2  x  10 dyne cm ) K c a n  be c a l c u l a t e d
-1
m  u n i t s  o f  dyne cm :
F o r  p r o f i l e s  c o n s i s t i n g  o f  a  number o f  i d e n t i c a l  s y m m e t r i c a l
w e l l s  t h e  f i t t i n g  to  a  p a r a b o l a  h a s  b e e n  a c h i e v e d  by s e l e c t i n g
one t h a t  i n t e r s e c t s  t h e  w e l l  a t  t h r e e  p o i n t s ,  one b e i n g  t h e
minimum and  th e  o t h e r  two b e i n g  p o i n t s  w here  t h e  e n e r g y  i s  h a l f
way b e tw e e n  t h a t  o f  t h e  p e a k  (E ) and  t h a t  o f  t h e  t r o u g h  (E . ) J *  max & m m
o f  t h e  p r o f i l e ;  e q u a t i o n  6 .1 1  i s  u s e d  t o  c a l c u l a t e  K*.
1 0 8 1 .7 5  x  (E -  E . )r/- max m m  , -1  ^K = -------------------- p-------—----------  dyne cm 6 .1 1
S in c e  t h e  m a j o r i t y  o f  m o l e c u le s  w i l l  be  i n  t h e  lo w  e n e r g y  l e v e l s  
t h e  f i t  t o  th e  lo w e r  p a r t  o f  t h e  w e l l  i s  more i m p o r t a n t  t h a n  t o
th e  u p p e r  p a r t  o f  t h e  w e l l .  Hence v a l u e s  o f  (E -  E . ) o fr  max m m
‘PROGRAMS 5A and  5B (p ag e  352)  o u t p u t  a  v a l u e  o f  K a t  i n t e r v a l s  o f  1°
from  a  minimum to  t h e  c o r r e s p o n d i n g  w e l l  w a l l ,  u n t i l  t h e  p e a k  i s
r e a c h e d .  V a lu e s  o f  K a r e  t h e n  th o s e  c a l c u l a t e d  i n  t h e  same way f o r
t h e  n e x t  w e l l .  At t h e  e n d s  o f  some p r o f i l e s  t h e r e  i s  i n s u f f i c i e n t
i n f o r m a t i o n  f o r  t h i s  c a l c u l a t i o n  t o  be  p e r f o r m e d  and  z e r o  v a l u e s  o f
K w i l l  be o u t p u t .  O th e rw is e  K = 0 c o r r e s p o n d s  t o  t h e  minimum o f  a
w e l l ,  i . e .  (E -  E . ) = 0 (a n d ,  i n c i d e n t a l l y  d  -  0 ,  a l s o ) .7 max m m  7 J r  7
-1  -1g r e a t e r  t h a n  10 k c a l  m ole h av e  b e e n  a d j u s t e d  t o  10 k c a l  m ole
I n  some c a s e s  t h e  r o t a t i o n a l  e n e rg y  p r o f i l e s  p r e s e n t  w e l l s  
t h a t  a r e  d i f f i c u l t  t o  f i t .  I d e a l l y  t h e  p r o f i l e  w ould  c o n s i s t  o f  
any  number o f  i d e n t i c a l  s y m m e t r i c a l  w e l l s  c l o s e l y  r e s e m b l i n g  
p a r a b o l i c  s h a p e .  However, t h e r e  a r e  e n c o u n t e r e d  t h r e e  m a in  
d i f f i c u l t i e s :  F i r s t l y ,  th e re :m a y  be w e l l s  o f  d i f f e r e n t  d e p th s  
(Emi^) i n  t h e  same p r o f i l e  ( s e e  f o r  exam ple  f i g u r e  6 . 2 3 ,  p a g e  177)? 
t h e r e  may be w e l l s  r e s e m b l i n g  more a  s q u a r e  wave fo rm  ( s e e  f o r  
exam ple  f i g u r e  6 . 1 9 , p ag e  1 7 3 ) ,  and  l a s t l y ,  t h e  w e l l s  may n o t  be  
s y m m e t r i c a l  ( s e e  f o r  exam ple  f i g u r e  6 . 2 2 , p ag e  1 7 6 ) .
T hese  d i f f i c u l t i e s  a r e  overcom e by f i t t i n g  a  p a r a b o l a  t h a t  
i s  c o n s i d e r e d  r e p r e s e n t a t i v e  o f  t h e  w e l l s  i n  a  p r o f i l e .  The 
m e th o d s  o f  d o in g  t h i s  w i l l  be  lo o k e d  a t  i n  s u b s e q u e n t  s e c t i o n s  
when t h e y  a r e  u s e d .  I n  a c t u a l  f a c t  t h e  v a l u e s  o f  t h e  e n t r o p i c  
f a c t o r s  t o  be c a l c u l a t e d  a r e  f a i r l y  i n s e n s i t i v e  t o  v a l u e s  o f  
t h e  f o r c e  c o n s t a n t  K u s e d  i n  t h e i r  c a l c u l a t i o n .
F o r  m o t io n  u n d e r  a  c o n s t r a i n t  V — -jKq , t h e  e n e r g y  l e v e l s  a r e  g i v e n  
by e q u a t i o n  6 . 1 2 ,
E =- • (n  + £ )  6 .1 2n  2 x/m £
m w i l l  be t h e  m ass o f  t h e  r o t a t i n g  g r o u p ,  so  t h a t  f o r  an  e t h y l
t r a n s i t i o n  s t a t e  a  m e th y l  g ro u p  w i l l  be  i n  m o t io n  and  m w ou ld  t a k e
—24th e  v a l u e  15 x  1 .6 6  x  10 g .
Now th e  r e l a t i v e  p o p u l a t i o n s  i n  t h e s e  l e v e l s  c a n  be  f o u n d  f ro m
t h e  B o ltzm a n n  d i s t r i b u t i o n  la w .  I f  t h e  p o p u l a t i o n  i n  any  l e v e l  i s  N ,
n=cD
t h e  t o t a l  p o p u l a t i o n  w i l l  be j  N • From th e  p o t e n t i a l  e n e r g y  n r o f i l e
nko  n
t h e  r o t a t i o n a l  a n g l e  o v e r  w h ich  t h e  p o p u l a t i o n  i n  any  g i v e n  l e v e l  i s
f r e e  t o  move can  be f o u n d * .  I f  t h i s  a n g l e  a t  any  l e v e l  i s  , t h en
w e ig h t  i n  any  l e v e l  i s  t h e n  N and  t h e  a v e r a g e  r o t a t i o n a l  a n g l e
n a n=GD /n=co
o v e r  a l l  o f  th e  l e v e l s  i s  g iv e n  by ^  ^  /  X  ^  *
n =0 ^ n =0
T h e re  w i l l  be (n+1) e n e rg y  l e v e l s  b e tw e e n  E . and  E , an d  i nram  m ax’
e a c h  l e v e l  t h e  m o l e c u l e s  w i l l  h av e  t h e i r  c o r r e s p o n d i n g  r o t a t i o n a l
movements o f  A<^  : t h e r e  w i l l  a l s o  be  an  i n f i n i t e  number o fn
e n e rg y  l e v e l s  above  E and m o le c u le s  i n  t h e s e  l e v e l s  w i l l  h ave  °  max
c o r r e s p o n d i n g  r o t a t i o n a l  movements o f  3 ^ 0 ° •  The f r a c t i o n  o f
m o l e c u le s  w i t h  e n e r g i e s  g r e a t e r  t h a n  E w i l l  be° °  max
~ (E -E  )max 0
55--------------------  6,13
and  i f  L i s  t h e  r e l a t i v e  number w i t h  t h e s e  e n e r g i e s  t h e n
- ( E  -E „ )  L
ma*  0    6 1h
RT n=n *1
“  l  + y  hZ, n n =0
To e a s e  t h e  c a l c u l a t i o n s  i n  c a s e s  w here  (E -E  . ) > 1 0max m m
-1k c a l  mole , t h e  f r a c t i o n  o f  m o l e c u le s  above  t h i s  e n e r g y  was
c a l c u l a t e d  and  was assum ed  to  h ave  t h e  r o t a t i o n a l  movement
—1c o r r e s p o n d i n g  t o  t h a t  o f  t h e  e n e r g y  l e v e l  c l o s e s t  t o  10  k c a l  m ole  •
F o r  c o m p le t e ly  f r e e  r o t a t i o n ,  t h e  a v e r a g e  r o t a t i o n a l  movement i s
c l e a r l y  J>60°  and  i f  s u c h  i s  t h e  c a s e  f o r  a n  i n i t i a l  s t a t e  t h e n  t h e
number of ways o f  a p p r o a c h in g  t h e  t r a n s i t i o n  s t a t e  from  t h e  r e a c t a n t s
i s  r e d u c e d  by r e s t r i c t i o n  o f  i n t e r n a l  r o t a t i o n  by  t h e  f a c t o r  6 . 1 3 *
n=ao ,n=oo
V * I0VAV IA
F  p i = 0 ._  6> 15
F 360
* T h is  i s  t h e  t o t a l  r o t a t i o n a l  a n g l e  c o v e r i n g  a l l  t h e  p o t e n t i a l  w e l l s
i n  th e  p r o f i l e ,  i r r e s p e c t i v e  o f  t h e i r  s h a p e .
I n  some i n i t i a l  s t a t e s  t h e r e  w i l l  a l s o  be r e s t r i c t e d  r o t a t i o n  
and  t h e  a v e r a g e  a n g l e  c a n  be fo u n d  i n  t h e  same way a s  f o r  t h e  t r a n s ­
i t i o n  s t a t e ,  so  t h a t  6 ,1 5  becom es t h e  g e n e r a l  e x p r e s s i o n  6 *1 6 .
B o th  t h e  cl and  £ r o t a t i o n a l  e n e r g y  p r o f i l e s  may f u r n i s h  s u c h  
f a c t o r s  so  t h a t  f o r  s u c h  a  c a s e  a s  n e o - p e n t y l  t h e n
I n  a l l  o f  t h e  c a l c u l a t i o n s  o f  r o t a t i o n a l  f a c t o r s  t h e  r o t a t i o n a l  
e n e rg y  l e v e l s  have  b e e n  t a k e n  a s  n o n - d e g e n e r a t e ,  on t h e  g ro u n d s  t h a t  
th e  t r a n s i t i o n  s t a t e  c a n n o t  r e a l l y  be  c o n s i d e r e d  a s  an  e q u i l i b r i u m  
a s s e m b ly  o f  m o l e c u le s  and  t h a t  t h e  above  m ethod  o f  c a l c u l a t i o n  i s  n o t  
n e c e s s a r i l y  a  c a l c u l a t i o n  o f  some e q u i l i b r i u m  p r o p e r t y  o f  t h e  
r e a c t a n t s  and  o f  t h e  t r a n s i t i o n  s t a t e  b u t  i s  e s s e n t i a l l y  a  m e th o d  o f  
d e t e r m i n i n g  t h e  number o f  p a t h s  a v a i l a b l e  f o r  c o n v e r s i o n  o f  t h e  
r e a c t a n t s  t o  t h e  t r a n s i t i o n  s t a t e *
f )  The s t e r i c  f a c t o r s  an d  r e l a t i v e  r a t e s  o f  r e a c t i o n
I n  s u b s e c t i o n  c )  i t  h a s  b e e n  s e e n  how t h e  r o t a t i o n  o f  g r o u p s  i n  
t h e  (3 and  y  p o s i t i o n s  g i v e s  r i s e  t o  r o t a t i o n a l  e n e rg y  p r o f i l e s ,  and  
i n  s u b s e c t i o n s  d); arid e )  i t  h a s  b e e n  shown how e n t h a l p i c  f a c t o r s  ( f )  
and e n t r o p i c  f a c t o r s  (F )  may be o b t a i n e d  f rom  t h e s e  p r o f i l e s .
T hese  e n t h a l p i c  and  e n t r o p i c  f a c t o r s  a r e  m u l t i p l i c a t i v e  ( s e e  
p ag e  15 2 ) and t h e  r a t e  c o n s t a n t  f o r  t h e  s u b s t i t u t i o n  o f  a n  a l k y l  g ro u p  
R r e l a t i v e  t o  t h a t  f o r  m e th y l  i s  g i v e n  by  th e  g e n e r a l  e x p r e s s i o n  6 . 1 8 .
n=oo /n==a>
6 .1 7
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n b .  t h e  s t e r i c  f a c t o r  f o r  Me i s  1 , s e e  p age  153*
I n  t h e  w ork t o  f o l l o w  a l t h o u g h  a  r o t a t i o n a l  e n e rg y  p r o f i l e s  f o r
E tt h e  b e t a  m e t h y l a t e d  s e r i e s  w i l l  be a s  f o r  e t h y l  ( a n d  h e n c e  f  =  f  J ,
cl
s e e  p a g e  15^ )  t h e  e n t r o p i c  f a c t o r s  w i l l  n o t  be  t h e  same s i n c e  t h e  
e n e rg y  l e v e l s  depend  upon  th e  m ass o f  t h e  r o t a t i n g  g ro u p ,  i . e .  m — 13 
A.VJt u n i t s  f o r  ah  e t h y l  s u b s t r a t e  b u t  m ~  59 A.Wt u n i t s  f o r  a  n e o ­
p e n t y l  s u b s t r a t e !  I n  f a c t ,  h o w ev e r ,  t h e r e  i s  v e r y  l i t t l e  d i f f e r e n c e
E t  P en e ° P ene0b e tw e e n  F and  F and  t o  eco n o m ise  on t h e  c a l c u l a t i o n s  F ,i  g  a  a
„Bu „ P r  , -p,Et,F , F and  F h av e  a l l  b e e n  t a k e n  a s  e q u i v a l e n t *a  a  a  x -
The e n e rg y  d i f f e r e n c e  b e tw e e n  th e  p e a k  and  t r o u g h  o f  t h e
r o t a t i o n a l  e n e rg y  p r o f i l e s  f o r  t h e  i n i t i a l  s t a t e  o f  r e a c t i o n s  s t u d i e d
i n  t h i s  w ork ( i . e .  f o r  t h e  one a l k y l  m e rc u ry  ex ch a n g e  r e a c t i o n s )  i s
z e r o ,  so  t h a t  F 1 i s  1 .’ a
The r e l a t i v e  r a t e s  f o r  a l k y l  g ro u p s  o f  t h e  a l p h a  an d  b e t a  
m e t h y l a t e d  s e r i e s  o f  a l k y l  g ro u p s  a r e  g iv e n  i n  T a b le  6.4-.
3* The u n c a t a l y s e d  o n e - a l k y l  e x ch a n g e  r e a c t i o n
I n  t h i s  s u b s e c t i o n  t h e  c a l c u l a t i o n s  f o r  t h e  u n c a t a l y s e d  o n e - a l k y l  
ex ch a n g e  r e a c t i o n  6 .1 9  i n  s o l v e n t  e t h a n o l ,  p r e v i o u s l y  i n v e s t i g a t e d  by
RHgBr + HgBr^ --------* RHgBr + EgBr^ 6 .1 9
Hughes and  V o lg e r  (1 5 )?  v ; i l l  be c o n s i d e r e d .  The r e l a t i v e  r a t e  
s e q u e n c e s  6 .2 0  and  6 ,2 1  h ave  b e e n  r e p o r t e d  ( 1 5 )»
Table 6 A
The r e l a t i v e  r a t e s  f o r  a l k y l  g ro u p s  o f  t h e  a  an d  (3 m e t h y l a t e d  s e r i e s  
e x p r e s s e d  i n  te rm s  o f  e n t h a l p i c  f a c t o r s  ( f )  and  e n t r o p i c  f a c t o r s  (F )
k E t
kMe
k Pr:
kMe
k Bu
kMe
k P r
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kMe
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kMe
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kMe
cl CL
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E t
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u F 0 J
f r FP s
n
a  a
E t f
a  m e t h y l a t e d  
s e r i e s
(3 m e t h y l a t e d  
s e r i e s
( f  . r  f  f d
a  a  - . I
L f a -
neo
( f  .F  F  a  a
f  .Fn
J t - g
^ s 7^ -iBu
F 1
L (3 J
a t  60°C M e (1 .0 0 )  > Bus ( 0 .0 6 )
a t  100°C M e d . 0 0 )  > E t (0 .* f2 )  > PeneO ( 0 .3 3 )
6.20
6*21
From t h e  s e v e r a l  t r a n s i t i o n  s t a t e  m o d e ls  p r o p o s e d  f o r  t h i s  
r e a c t i o n  ( s e e  p a g e s  20  and  2 1 , and  a l s o  r e f  2 5 ) two m o d e ls  h av e  b e e n  
c h o se n  f o r  t h e  c a l c u l a t i o n s .  T hese  a r e  t h e  Hughes and  V o lg e r  open  
m odel ( s e e  s e c t i o n  2 3 *1 «&, page  3 0 ? )  and  a  c y c l i c  m odel p r o p o s e d  by  
J e n s e n  and  R ic k b o rn  (2 5 )  ( s e e  s e c t i o n  2 3 . 1 . b ,  p a g e  3 0 8 ) .  The l a t t e r  
m odel h a s  f a i l e d  to  g iv e  s a t i s f a c t o r y  r e s u l t s  by t h e  c a l c u l a t i o n  m e th o d
d e f i n e d  an d  t h e  c a l c u l a t i o n s  w iH n o t  be  docum en ted  on t h i s  m o d e l ,  a l t h o u g h  
some m e n t io n  w i l l  be made o f  t h e  r e s u l t s  ( s e e  p ag e  1 8 6 ) .  The c a l c u l a t ­
i o n s  i n  t h i s  s e c t i o n  r e l a t e  t o  t h e  Hughes and  V o lg e r  m o d e l .
The o b j e c t  o f  t h e  c a l c u l a t i o n s  i s  t o  o b t a i n  d im e n s io n s  o f  one t r a n s i t ­
i o n  s t a t e  m ode l t h a t  g i v e s  q u a n t i t a t i v e l y  r a t e  s e q u e n c e s  6 .2 0  an d  6 . 2 1 .
a )  The t r a n s i t i o n  s t a t e  m odel
The t r a n s i t i o n  s t a t e  m ode l i s  shown i n  s e c t i o n  2 3 * 1 P&ge 307* 
The o n ly  v a r i a b l e  p a r a m e t e r s  a r e  t h e  HgCHg a n g l e  and  t h e  C-Hg^* and  
C-Hg^ p a r t i a l  bond  l e n g t h s *  I t  i s  assum ed  t h a t  t h e s e  p a r t i a l  b o n d s  
w i l l  be  e q u a l  i n  l e n g t h .
The H g ^ -3 r^  bond l e n g t h  h a s  b e e n  t a k e n  a s  2»k0  £ ,  t h e  same a s  t h e  
n o rm a l  Hg-3r. bond l e n g t h ,  w h i le  HgT,-Br-p bond  l e n g t h s  h av e  b e e n  ..takenji/ Jii
a s  2 . ^ 5  t h a t  i s  0 . 0 5  ^  l o n g e r  t h a n  t h e  n o rm a l  Hg-Br bond  l e n g t h .
The Br-pHg^Br-p a n g l e  h a s  b e e n  s e t  a t  1^ 0 °  r a t h e r  t h a n  120° t o  a l l o w  & Ji m
f o r  t h e  n o n - e q u i v a l e n c e  o f  t h e  b o n d s .
I t  h a s  b e e n  e s t i m a t e d  t h a t  t h e  i n t e r a c t i o n s  b e tw e e n  t h e  b ro m in e  
a tom s i n  t h e  e n t e r i n g  g ro u p  and  t h e  a tom s i n  t h e  l e a v i n g  g ro u p  w i l l  
be s u f f i c i e n t l y  s m a l l  t o  a l l o w  a  l a r g e  f re e d o m  o f  r o t a t i o n  a b o u t  t h e  
C^-Hg^bond so  t h a t  t h e y  can  move to  p o s i t i o n s  o f  l e a s t  i n t e r a c t i o n  
a s  t h e  (3 and  y  g ro u p s  move. The c a l c u l a t i o n s  o f  t h e s e  i n t e r a c t i o n s  
w ould  be t e d i o u s  and  i n  v ie w  o f  t h e  s e p a r a t i o n  l i k e l y  t o  be i n v o l v e d  
i n t e r a c t i o n s  b e tw e e n  t h e  m oving  g ro u p  and  t h e  Br^, a tom s h av e  b e e n  
t a k e n  t o  be z e r o ,  i . e .  C^/Br^,, e t c . ,  p a i r s  c o n s t i t u t e  non  i n t e r a c t i n g  
s y s t e m s .  A lso  i n  v iew  o f  t h e  d i s t a n c e  i n v o l v e d  and  t h e  s t r o n g  
s h i e l d i n g  e f f e c t  a f f o r d e d  by  Hg^, t h e  i n t e r a c t i o n s  b e tw e e n  t h e  m ov ing  
g ro u p  and  B r^  have b e e n  assum ed  to  be z e r o .
* S u b s c r i p t  n o t a t i o n :  L = l e a v i n g ,  E ~  e n t e r i n g ,  B = b r i d g i n g ,
LU = l e a v i n g ,  u p p e r  a to m , LL =- l e a v i n g ,  lo w e r  a tom ; e t c .
The v a r i a t i o n  o f  two p a r a m e t e r s  h a s  b e e n  i n v e s t i g a t e d ;  t h e s e  a r e  
f i r s t l y  t h e  C-Hg p a r t i a l  bond  l e n g t h s ,  w h ich  h av e  b e e n  v a r i e d  o v e r  
t h e  r a n g e  2 .2 5  t o  2 .3 3  2  i n  ^ t e p s  o f  0 . 0 5  2  (n b .  t h e  n o rm a l  C-Hg bond 
l e n g t h  i s  2^06 2 ) ,  and  s e c o n d l y  t h e  HgCHg a n g l e ,  w h ich  h a s  b e e n  v a r i e d  
f rom  7 6 .8  t o  89 ° ,  a n g l e s  o f  7 8 . 8 , 8 1 , 85  and  89°  b e i n g  u s e d  [n b .  
s u g g e s t e d  v a l u e s  h ave  b e e n  7 6 . 8 °  (1 2 )  and  8 1 . 4 °  ( 1 5 ) ] *  HgCHg a n g l e s  • 
s m a l l e r  t h a n  7 6 . 8 °  h ave  n o t  b e e n  i n v e s t i g a t e d  s i n c e  t h i s  w ould  in v o k e  
s t r o n g e r  s t e r i c  i n t e r a c t i o n s  b e tw e e n  t h e  e n t e r i n g  and  l e a v i n g  g ro u p s  
w i th  c o r r e s p o n d i n g  r i g i d i t y  i n  th e  t r a n s i t i o n  s t a t e ,  w h e re a s  i t  h a s  
b een  assum ed  t h a t  t h e  B r„  a tom s  a r e  e s s e n t i a l l y  u n h in d e r e d  i n  t h e i r  
r o t a t i o n  a b o u t  t h e  C-Hg^ a x i s .
b )  The r o t a t i o n a l  e n e r g y  p r o f i l e s
F o r  t h e  t r a n s i t i o n  s t a t e  m o d e ls  fo rm ed  w i t h  t h e  tw e lv e  s e t s  o f  
v a r i a b l e  p a r a m e t e r s  and  t h e  r e l e v a n t  i n i t i a l  s t a t e s ,  t h e  a  an d  (3
H0O £3r o t a t i o n a l  e n e rg y  p r o f i l e s  f o r  E t ,  Pe an d  Bu have  b e e n  d e r i v e d  
and  t h e  f o r c e  c o n s t a n t  K v a l u e s  c a l c u l a t e d :
The ( a )  r o t a t i o n a l  e n e r g y  p r o f i l e  f o r  e t h y l  c o n s i s t s  o f  a  tw o­
f o l d  b a r r i e r  and  c o n t a i n s  two i d e n t i c a l  s y m m e t r i c a l  w e l l s  ( s e e  f o r  
exam ple  f i g u r e  6 .1 5 )«  The c a l c u l a t i o n  o f  K p r e s e n t s  no p r o b le m s .
The |3 r o t a t i o n a l  e n e rg y  p r o f i l e  f o r  t h e  n e o - p e n t y l  i n i t i a l  s t a t e  
c o n t a i n s  t h r e e  i d e n t i c a l  s y m m e t r i c a l  w e l l s  ( s e e  f i g u r e  6 . 2 0 ) a s  d o es  
a l s o  t h a t  f o r  t h e  t r a n s i t i o n . s t a t e  ( s e e  f o r  exam ple  f i g u r e  6 . 2^ ) .  
A g a in  t h e  c a l c u l a t i o n  o f  K p r e s e n t s  no p r o b le m s .
F o r  s e c - b u t y l ,  t h e  a  r o t a t i o n a l  e n e r g y  p r o f i l e  ( e q u i v a l e n t  to  
t h a t  f o r  i s o - p r o p y l )  c o n t a i n s  two s e t s  o f  i d e n t i c a l  s y m m e t r i c a l  w e l l s ,  
one s e t  b e i n g  d eep  and  t h e  o t h e r  s e t  a t  t h e  t o p s  o f  t h e  b a r r i e r s  
b e i n g  s h a l l o w  ( s e e  f o r  exam ple  f i g u r e  6 , 1 6 ) .  I n  t h i s  c a s e  t h e
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c a l c u l a t i o n  o f  K c o r r e s p o n d e d  to  a  p a r a b o l i c  f i t  t o  t h e  d eep  w e l l s
s i n c e  m o s t  m o le c u le s  w ou ld  be c o n t a i n e d  i n  t h e s e  l a t t e r .  The jB
r o t a t i o n a l  e n e r g y  p r o f i l e  f o r  t h e  i n i t i a l  s t a t e  ( e q u i v a l e n t  t o  t h e
n - p r o p y l  i n i t i a l  s t a t e )  and  an  exam ple  o f  t h e  p r o f i l e  f o r  t h e  t r a n s -
i t i o n  s t a t e  ( e q u i v a l e n t  t o  an  n - p r o p y l  t r a n s i t i o n  s t a t e  w i t h  a t  3 0 ° )
a r e  shown i n  f i g u r e s  6 .1 8  and 6 , 2 2 ,  r e s p e c t i v e l y .  The c a l c u l a t i o n s  o f  K i n
t h e s e  c a s e s  r e q u i r e d  s p e c i a l  t r e a t m e n t .  F o r  t h e  i n i t i a l  s t a t e  a  p a r a b o l a
was f i t t e d  w i t h  i t s  v e r t e x  a t  t h e  d e p t h  o f  t h e  ( l o w e s t )  minimum and
i n t e r s e c t i n g  t h e  w a l l s  o f  t h e  w e l l  a t  t h e  4-(E -E  . ) p o s i t i o n s ,& * max m m  *
c )  The r e l a t i v e  r a t e s  and  t h e  e x t e n s i o n  o f  t h e  c a l c u l a t i o n s
The c a l c u l a t e d  r e l a t i v e  r a t e s  a r e  shown i n  T a b le  6 ,3 *  I t  c an  be 
s e e n  f o r  e t h y l  t h a t  t h e r e  i s  n o t  much v a r i a t i o n  i n  r a t e ,  a m o u n t in g  a s  
i t  d o es  t o  much l e s s  t h a n  a  t w o - f o l d  i n c r e a s e  f rom  t h e  l o w e s t  t o  t h e  
h i g h e s t  v a l u e s .  F o r  n e o - p e n t y l  and  s e c - b u t y l  t h e  i n c r e a s e s  a r e  tw o -  
and s e v e n - f o l d ,  r e s p e c t i v e l y .  F u r t h e r m o r e ,  i t  c a n  be s e e n  t h a t  b o t h  
i n c r e a s i n g  th e  C-Hg p a r t i a l  bond l e n g t h s  and  d e c r e a s i n g  t h e  HgCHg 
a n g l e  h a s  t h e  e f f e c t  o f  i n c r e a s i n g  t h e  r e l a t i v e  r a t e  i n  a l l  c a s e s .  
F i n a l l y ,  t h e  s o u g h t  a f t e r  r e l a t i v e  r a t e s  a r e  c o n t a i n e d  w i t h i n  t h e  
r a n g e s  o f  t h e  c a l c u l a t e d  v a l u e s .
By p l o t t i n g  t h r e e  d im e n s io n a l  g r a p h s  o f  r a t e  a g a i n s t  C-Hg-bond : i e n g t h  
a g a i n s t  HgCHg a n g l e  f o r  t h e  t h r e e  a l k y l  g r o u p s ,  t h e  d im e n s io n s  o f  a  
t r a n s i t i o n  s t a t e  m odel have  b e e n  s e l e c t e d  w h ich  g iv e  t h e  r e l a t i v e  r a t e  
s e q u e n c e s  6 .2 2  and  6 . 2 3 * s i m i l a r  t o  t h e  e x p e r i m e n t a l  s e q u e n c e s  6 .2 0  a n d  6 . 2 1 .
a t  60°C M e (1 .0 0 )  > BuS ( 0 . 0 5 )
a t  100°C M e (1 .0 0 )  > E t (0 .* f3 )  > Pen e ° ( 0 . 3 3 )
6 .22
6 .2 3
Table 6.5
R e l a t i v e  r e a c t i o n  r a t e  c o n s t a n t s  c a l c u l a t e d  f o r  t h e  f u l l  r a n ^ e  o f
Hughes and  V o lg e r  (o p e n )  t r a n s i t i o n  s t a t e  m o d e ls
HgCHg
d e g r e e s
C-Hg
2
Me
(6 0 ,1 0 0 ° C )
E t
(100°C )
•r, neo  Pe
(100°C )
BuS
( 6o°G )
7 6 .8 2 .2 3 1 .0 0 0 0 .4 8 8 0 .3 2 0 0 .0 8 5
2 .3 0 1 .0 0 0 0*516 0.4-18 0 . 1 1 4
2433 1 .0 0 0 0 .5 4 5 0 .3 3 5 0 .1 4 9
8 1 .0 2 .2 3 « 0 0 0 0.4-32 0 .2 8 6 0 .0 5 5
2430 1 .0 0 0 0.4-79 0 .3 7 9 0 .0 7 6
2*33 1 ,0 0 0 0 .3 0 3 0 .4 9 0 0 . 0 ru
8 3 .0 2*23 1 .0 0 0 0.4-23 0 .2 6 5 0 . 0 3 4
2 .3 0 1 .0 0 0 0 .4-4-7 0 .3 4 5 0 .0 5 0
2 .3 3 1 .0 0 0 0.4-72 0 .4 4 4 0 .0 6 9
8 9 .0 2 .2 3 1 .0 0 0 0 .3 9 6 0 .2 5 6 0 .0 2 0
2 .3 0 1 .0 0 0 0.4-20 O.3 2 2 0 .0 3 1
2 .3 3 1 .0 0 0 0.44-3 0 .4 0 9 0 . 0 4 5
v a l u e s  s o u g h t 1 .0 0 0 0.4-20 0 .3 3 0 0 . 0 6 0
T hese  d im e n s io n s  a r e  g iv e n  i n  f i g u r e  6 . 1 4 ,  w h ich  i l l u s t r a t e s  
t h e  n e o - p e n t y l  t r a n s i t i o n  s t a t e .  The C-Hg p a r t i a l  b onds  o f  l e n g t h  
2 ,2 8 8  2. a r e  a  l i t t l e  s h o r t e r  t h a n  t h a t  ( 2 ,3 0  2 )  s u g g e s t e d  by  Hughes 
and  V o lg e r ,  w h i le  t h e  a n g l e  o f  84°  i s  somwhat l a r g e r  th a n  t h a t  ( 8 l . 4 p )
w h ic h  t h e y  s u g g e s t e d .  T hese  f r e s h  d im e n s io n s  c a u s e  o n ly  a  s l i g h t  
ch ange  i n  t h e  Hg/Hg s e p a r a t i o n s ,  t h e  new v a l u e  o f  3*06 2  b e i n g  s l i g h t l y  
g r e a t e r  t h a n  t h a t  (3*00  2 )  s u g g e s t e d  by  Hughes and  V o lg e r .  A c c o rd in g  
t o  t h e  n o n -b o n d e d  p o t e n t i a l  f u n c t i o n s  u s e d  i n  t h i s  w ork  t h e  Hg/Hg
O us e p a r a t i o n  o f  3*06  A c o r r e s p o n d s  t o  a n  a t t r a c t i o n  o f  1 .6 7  k c a l  m ole •
109° 2 8 *
.Me
2 .2 8 8  £
Br110
F i g u r e  6 . 1A. S u g g e s te d  d im e n s io n s  o f  t h e  n e o - p e n t y l  t r a n s i t i o n  s t a t e  
m odel f o r  t h e  u n c a t a l y s e d  o n e - a l k y l  e x ch a n g e  r e a c t i o n .
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  a s s u m p t io n  t h a t  t h e  B r^  atom s 
w ould  n o t  be g r e a t l y  r e s t r i c t e d  i n  t h e i r  r o t a t i o n  a b o u t  t h e  C-Hgg 
bond seem s v a l i d :  F o r  t h e  B r^  a tom s v e r t i c a l l y  above  and  b e lo w  t h e
r e a c t i o n  p l a n e ,  e a c h  i s  a  d i s t a n c e  o f  *f.3 3  and  3*^3  2  r e s p e c t i v e l y  
from  t h e  HgT and  BrT a to m s ,  and  i n t e r a c t s  t o  t h e  e x t e n t  o f  - 0 . 3 3 *  a n ^■Li . JJ
—0 * 10 k c a l  mole , c o r r e s p o n d i n g l y .  When t h e s e  Br-g a tom s r o t a t e  i n t o
th e  r e a c t i o n  p l a n e  t h e n  t h e  s h o r t e s t  B rg /H gg  s e p a r a t i o n  i s  2 .8 8  2  and
th e  s h o r t e s t  B r^ /B r^  s e p a r a t i o n  i s  3 *3 ^ 2 , c o r r e s p o n d i n g  r e s p e c t i v e l y
- 1t o  i n t e r a c t i o n s  o f  2 .2 *  and  - 0 . 3  k c a l  m ole • T h is  shows t h a t  a l t h o u g h  
t h e  B r^  a tom s may n o t  r o t a t e  f r e e l y  t h e y  a r e  n o t  h i n d e r e d  f o r  a  l a r g e  
a r c  o f  r o t a t i o n .
* The H g/B r f u n c t i o n  was f o r m u l a t e d  a c c o r d i n g  t o  t h e  r u l e s  i n  
s e c t i o n  6 . 2 . a , i i i ,  p ag e  1 3 2 .
H av ing  a c h i e v e d  good a g re e m e n t  b e tw e e n  th e  c a l c u l a t e d  an d  th e  
e x p e r i m e n t a l  ( r e l a t i v e )  r a t e s  i t  seem ed o f  i n t e r e s t  t o  c a l c u l a t e  
u s i n g  t h i s  m odel t h e  r a t e s  f o r  t h e  f u l l  a  and  {3 m e t h y l a t e d  s e r i e s  o f  
a l k y l  g r o u p s :  The r o t a t i o n a l  e n e rg y  p r o f i l e s  f o r  a l l  t h e  c a s e s  a r e  
g iv e n  i n  f i g u r e s  6 .1 5  t o  6 , 2*}-. C a l c u l a t i o n s  h av e  b e e n  p e r fo rm e d  
u s i n g  t h i s  p r im a r y  m odel and  two f u r t h e r  m o d e ls  w i t h  s l i g h t l y  d i f f e r ­
e n t  d im e n s io n s  (C-Hg 2 .2 8 0  2 ,  HgCHg 8 2 . 0 ° ;  C-Hg 2 . 2 9 6 2 ,  HgCHg 8 6 . 0 ° )  
t o  o b t a i n  some i d e a  o f  t h e  s e n s i t i v i t y  o f  r a t e  s e q u e n c e  t o  m odel 
g e o m e t r y .  V a lu e s  o f  K a r e  g iv e n  i n  T a b le  6 *6 , an d  v a l u e s  o f  t h e  
e n t r o p i c  f a c t o r s ,  e n t h a l p i c  f a c t o r s  and  r e l a t i v e  r a t e s  f o r  t h e  t h r e e  
m o d e ls  a r e  g iv e n  i n  T a b le s  6 . 7 ,  6*8  and  6 i9*
T a b le  6 .6
F o r c e  c o n s t a n t s  f o r  v a r i o u s  t r a n s i t i o n  s t a t e  m o d e ls
R p r o f i l e K, m odel a ) IC, m ode l b ) Ii, m ode l c )
E t a 2*1-07 270*f 29S3
P r 1 a 7033 8012 91*f1
•D tBu
i
a 7857 9617 117*«-9
■p. n P r
£
0 61 61 61
P r 11 
. i
Bu1
P 132 137 1*f*f
(3 *f08 *f08 *f08
Bu"
i
0 761 806 8*f9
P e lleQ ^ 0 1321 1321 1321
pe lleo
i
0 2663 2799 2890
BuS * 0 61 61 61
Bu * 0 636 6*f-6 650
rn p del a )  C-Hg 2 .2 8 0  2 ,  HgCHg 8 2 . 0 ° .
m o d e l  b )  C-Hg 2 .2 8 8  2 ,  HgCHg 8*}-.0°.
m o d e l  c )  C-Hg 2 .2 9 6  2 ,  HgCHg 8 6 . 0 ° .
i  £
* E q u i v a l e n t  t o  P r 11 and  P r 11 w i th  ^  a t  30° ♦
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T a b le  6 .7
E n t h a l p i c  f a c t o r s  ( f ) ,  e n t r o p i c  f a c t o r s  (F )  and  r e l a t i v e  r a t e  
c o n s t a n t s  f o r  t h e  o n e - a l k y l  ex ch a n g e  r e a c t i o n ,  c a l c u l a t e d  f o r  an  open
t r a n s i t i o n  s t a t e  m o d e l ,  C-Hg 2 .2 8 0  HffCHg 82*0°
Me E t -n nP r Bu1 T» neo Pe P r X BuS Bu^
E1  *m 0 -1 8 2 -4 3 6 -6 2 4 -6 2 4 -3 6 4 -4 3 6 -5 4 5
*m 0 -391 -6 8 5 -9 3 6 -8 6 9 138 - 3 8 2 6588
A. At 6o ° c
f a 1 1 .3 7 2 1 .3 7 2 1 .3 7 2 1 .3 7 2 0 .4 6 9 0 .4 6 9 0 .0 0 0
Fa 1 0 .3 3 ^ 0 .3 3 4 0 .3 3 4 0 .3 3 4 0 .1 4 3 0 .1 4 3 0 .4 2 8
f 3
- - 1 .0 6 2 1 .1 6 9 1 .0 5 6 - 1 .4 9 4 -
3
- - 0 .6 0 0 0 .3 7 1 0 .3 4 9 - 0 .4 3 8 -
„ i
f p
- - 0 .7 1 1 0 .5 4 0 0 .5 1 9 - 0 .7 1 1 -
, rel. .  k 1 .0 0 0 0 .4 5 8 0 .4 1 1 O.3 6 8 0 .3 2 5 O.0 6 7 0 .0 6 2 0 .0 0 0
B. At 100°C .
f a 1 1 .3 2 7 1 .3 2 7 1 .3 2 7 1 .3 2 7 0 .5 0 9 0 .5 0 9 0 .0 0 0
Fa 1 0 .3 4 7 0 .3 4 7 0 .3 4 7 0 .3 4 7 0 .1 5 1 0 .1 5 1 0 . 4  57
f {3 - - 1 .0 5 3 1 .1 6 9 1 .0 5 0 - 1 .431 '
...
F ^
(3
- - 0 .6 2 3 0 .3 7 1 0 .3 7 5 - 0 .4 5 7 -
F^
3
- - 0 .7 3 2 0 .5 6 9 0 .5 4 7 - 0 .7 3 2 -
k r e ! 1 .0 0 0 0 .4 6 0 0 .4 1 4 O.3 6 8 0 .3 3 1 0 .0 7 7 0 .0 6 8 0 .0 0 0
* cal mole ^
Table 6 .8
E n t h a l p i c  f a c t o r s  ( f ) ,  e n t r o p i c  f a c t o r s  (F )  and  r e l a t i v e  r a t e  
c o n s t a n t s  f o r  t h e  o n e - a l k y l  ex c h a n g e  r e a c t i o n ,  c a l c u l a t e d  f o r  an  open  
t r a n s i t i o n  s t a t e  m o d e l ,  C-Hg 2 , 2 8 8  HgCHg 8 k , 0 °
Me E t -n nP r Bu1 P e neo P r 1 BuS Bu^
i•g-1-- *
m 0 -1 8 2 -A 36 -6 2 4 -6 2 4 -3 6 4 -A36 -5 4 5
f£  * 
m 0 -3 9 2 -681 -9 3 8 -9 1 3 205 -3 1 5 7520
A. At 6o°c
f.a 1 1 .3 7 4 1 .3 7 4 1 .3 7 4 1 .3 7 4 0 .4 2 4 0 .4 2 4 0 .0 0 0
Fa 1 0 .3 2 5 0 .3 2 5 0 .3 2 5 0 .3 2 5 0 .1 3 5 0 .1 3 5 0 .3 7 6
f p
- - 1 .0 5 7 1 .171 1 .1 2 9 - 1 .4 9 5 -r'
P - - 0 .6 0 0 0 .3 7 0 0 .3 4 0 - 0 .4 3 5 -
Fop
- - 0 .7 1 1 0 . 5^0 0 .5 1 9 - 0 .7 1 1 —
, r e l  k 1 .0 0 0 0 .4 4 7 0 .3 9 9 0 .3 5 9 0 .3 3 1 0 .0 5 7 0 .0 5 2 0 .0 0 0
B. At 100°G
Zna 1 1 .3 2 8 1 .3 2 8 1 .3 2 8 1 .3 2 8 0 .4 6 5 0 .4 6 5 0 . 0 0 0
1 0 .3 3 8 0 .3 3 8 0 .3 3 8 0 .3 3 8 0 . 1A2 0 .1 4 2 0 .4 0 3
4 - 1 .0 5 0 1 .151 1 .1 1 4 - 1 .^ 3 2 -
P
- - 0 .6 2 4 0 .3 9 8 0 .3 6 5 — 0 .4 5 5 —
F 1P - - 0 .7 3 2 O.5 6 9 0 .5 4 7 - 0 .7 3 2 -
k r e l 1 .0 0 0 0 .4 4 9 0 .4 0 2 0 .3 6 2 0 .3 3 4 0 .0 6 6 0 .0 5 9 0 .0 0 0
* cal mole
T a b le  6 . 9
E n th a l -p ic  f a c t o r s  { f )«  e n t r o p i c  f a c t o r s  (F )  and  r e l a t i v e  r a t e  
c o n s t a n t s  f o r  t h e  o n e - a l k y l  ex ch a n g e  r e a c t i o n ,  c a l c u l a t e d  f o r  an  open  
t r a n s i t i o n  s t a t e  m o d e l ,  C-Hg 2 , 2 9 6  &. HgCHg 8 6 , 0 °'
Me E t P r 11 Bu1 r> ne0Pe P r 1 BuS Bu1
E1 * m 0
i _A CO ro -4-36 - 6 2 4 -6 2 4 -3 6 4 -4 3 6 -3 4 3
*m 0 -5 9 3 -6 7 7 -9 3 8 -9 3 3 276 -2 4 4 8363
A. At 6o°C
fa 1 1 .3 7 7 1 .3 7 7 1 .3 7 7 1 .3  77 O.3 8 0 O .38O 0 .0 0 0
Fa 1 0 .3 1 7 0^317 0^317 0 .3 1 7 O.1 6 3 0 .1 6 3 0 .3 3 3
f |3 -
1 .0 3 0 1 .1 7 3 1 .2 0 2 - 1 .4 9 6 -
P
- 0 ,6 0 0 0 .3 6 9 0 .3 2 9 - 0 .4 3 3 -
F^
P
- - 0 .7 1 1 0 .5 4 0 0 .3 1 9 - 0 .7 1 1 -
k r e l 1 .0 0 0 0 .4 3 7 0 .3 8 7 0 .3 3 1 0 .3 3 3 0 .0 6 2 0 .0 3 7 0 . 0 0 0
B. At 100°C
fa 1 1.330 1.330 1.330 1 .330 0 .422 0 .422 0 .0 0 0
Fa 1 0 .3 2 9 0 .3 2 9 0 .3 2 9 0 .3 2 9 0 .172 0 .172 0 .370
% - - 1.043 1 .1 5 3 1.178 - 1.433 -
F ^
P - - 0 .6 2 3 0 .3 9 7 0 .3 5 2 - 0 .453 -
F^
P
- - 0 .7 3 2 0 .3 6 9 0 .5 4 7 - 0 .732 -
, r e lJ£ 1.000 0 .4 3 8 0 .3 9 0 0 .3 5 3 0 .333 0.073 0 .0 6 4 0 .0 0 0
* cal rnole**^  •
For the initial and transition states of iso-butyl the calculation
o f  K r e q u i r e d  s p e c i a l  t r e a t m e n t .  F o r  t h e  i n i t i a l  s t a t e  t h e  v a l u e  o f
-3r(E -E  . ) was c a l c u l a t e d  and t h e  a n g l e  a v a i l a b l e  f o r  r o t a t i o n ^ max m m  &
b e tw ee n  t h e s e  c o r r e s p o n d i n g  p o i n t s  on t h e  p r o f i l e  c a l c u l a t e d .  T h i s
a n g l e ,  d i v i d e d  by  4 was u s e d  i n  t h e  e v a l u a t i o n  o f  K u s i n g  e q u a t i o n  
6 . 1 1 .  (F o r  t h e  c a l c u l a t i o n  o f  K t h e  a n g u l a r  movement f rom  t h e  minimum 
o f  a  w e l l  r e p r e s e n t a t i v e  o f  t h e  two w e l l s  i s  r e q u i r e d ;  h en c e  th e  u s e  
o f  t h e  d i v i s o r  4 . )  T h re e  s i m i l a r  s y m m e t r i c a l  w e l l s  a r e  fo u n d  i n  t h e  
t r a n s i t i o n  s t a t e  and  t h e  K v a l u e  u s e d  was t h a t  o b t a i n e d  f o r  t h e  d e e p e s t  
w e l l .
D iagram s o f  t h e  t r a n s i t i o n  s t a t e  m o d e ls  f r r  a l k y l  g ro u p s  a t  t h e i r  
m inim a o f  e n e rg y  a r e  g iv e n  i n  f i g u r e  6 . 25^ - g .  The v a r i o u s  n o n -b o n d e d  
i n t e r a c t i o n s  f o r  e a c h  o f  t h e s e  m o d e ls  ( w i t h  C-Hg 2 .2 8 8  2  and  HgCHg 
8 4 . 0 ° )  a r e  g iv e n  i n  T a b le  6 . 1 0 ,  w h i l e  t h e  i n i t i a l  s t a t e  c o n t r i b u t i o n s  
a r e  su m m a rised  i n  T a b le  6 . 1 1 .
I t  i s  u s e f u l  to  com pare t h e s e  m o d e ls  and  t h e i r  i n t e r a c t i o n s  w i t h  
t h o s e  s u g g e s t e d  by  Hughes and  V o lg e r .  The g e o m e t r i c a l  c o n f i g u r a t i o n s  
o f  t h e  Hughes and  V o lg e r  t r a n s i t i o n  s t a t e  m o d e ls  f o r  E t ,  P en e ° ,  ( P r 1 )
g
and  Bu ( s e e  f i g u r e  2 . 5 j p ag e  71) a r e  t h e  same a s  t h o s e  g i v e n  i n  
f i g u r e  6 . 2 5 a ,  b ,  ( f )  an d  g .  Now Hughes and  V o lg e r  a c c o u n te d  f o r  t h e  
r e l a t i v e  r a t e s  i n  te rm s  o f  c o m p re s s io n s  ( i . e .  by  e n t h a l p i c  e f f e c t s )  
b e tw e e n  th e  m oving g ro u p  and  t h e  e n t e r i n g  and  l e a v i n g  g r o u p s ,  t h e s e  
c o m p re s s io n s  a m o u n tin g  t o ,  i n  k c a l  m o le ’’’*1, Me 0 ,  E t  0 . 2 ,  P e 1100 0 . 2
g  ^
and  Bu ~  P r  2 . 0 .  However, th e  r e s u l t s  f ro m  t h i s  work i n d i c a t e  t h a t  
t h e s e  i n t e r a c t i o n s  a r e  n o t  so  s e v e r e  and  t h a t  t h e r e  i s  a c t u a l l y  i n  
some c a s e s  an  a t t r a c t i o n  b e tw e e n  t h e  m oving  g ro u p  and  t h e  e n t e r i n g  
and  l e a v i n g  g r o u p s ;  t h e  c o r r e s p o n d i n g  i n t e r a c t i o n s  a r e  Me 0 ,  E t - 0 . 4 ,  
Pe - 0 . 9 ,  P r  0 . 2  and  Bu - 0 .3 *  (The o r i g i n  o f  t h e s e  a t t r a c t i v e
f o r c e s  i s  t h e  n e g a t i v e  p a r t  o f  th e  n o n -b o n d e d  f u n c t i o n s ,  i n  t h e  r e g i o n  
o f  t h e  Van d e r  W aa ls  s e p a r a t i o n s .  From t h e  c o m p re s s io n s  and  c o r r e s p ­
o n d in g  i n t e r a c t i o n s  r e c o r d e d  by Hughes and  V o lg e r ,  i t  i s  c l e a r  t h a t  
t h e y  b a s e d  t h e i r  e s t i m a t e s  on a  h a r d e r  Me/Hg n o n -b o n d e d  f u n c t i o n ,  and  
i n  a d d i t i o n  i t  w ou ld  seem t h a t  t h i s  f u n c t i o n  had no n e g a t i v e  r e g i o n ,  
a  z e r o  i n t e r a c t i o n  b e i n g  g iv e n  a t  t h e  Van d e r  W aals  s e p a r a t i o n .
Me JIgBr M HgBr Me ^HgBr
\  /  /  \
H7CC  X  Me7C:
) \  / \  7 \
IF HgBr2 Me ^ H g B r 2  Me
( a )  ( b )  ( c )
110 °
Me Me / H Me y Me
y * *  Me> \  y *  M e> x  y -
5 \H' HgBr2  H N>HgBr2  Hy HgBr.
(d )  ( e )  ( f )
30 °  ; M e - . r^ o 0 
• * 'C
Me HgBr2
(g )
F i g u r e  6 ,2 3 *  C o n f i g u r a t i o n s  o f  t r a n s i t i o n  s t a t e  m o d e ls  a t  t h e i r
m inim a o f  e n e r g y .
I n  t h i s  w ork a c c o u n t  h a s  b e e n  t a k e n  o f  t h e  d i r e c t  i n t e r a c t i o n s  
i n  t h e  i n i t i a l  s t a t e s ,  b u t  ev en  when t h i s  i s  done t h e  ch an g e  i n  i n t e r ­
a c t i o n s  i n  g o in g  f rom  t h e  i n i t i a l  s t a t e s  t o  t r a n s i t i o n  s t a t e s  i s  s t i l l  
n e g a t i v e  o r  o n ly  s l i g h t l y  p o s i t i v e ;  Me 0 ,  E t  - 0 , 2 1 ,  P e 1100 - 0 ,2 9 »
G XBu 0 , 1 2 ,  ( P r  0 , 3 6 )  k c a l  m ole • I t  i s  c l e a r  on t h e  b a s i s  o f  t h e s e
Table 6,10
Component interactions* between the moving group and the entering and
l e a v i n g  g ro u p s  a t  t h e  m inim a o f  e n e r g y ,  (C-Hg 2 ,2 8 8  S ,  HgCHg 8 4 , 0 ° )
R HgL HgE m
E t Me -196 -1 9 6 -3 9 2
P r ‘ Me
Me
-1 1 9
-1 1 9
222
222 205
Bu Me
Me
Me
Me
Me
-62
-1 9 6
4-018
-196
- 3^
4-018
-1 9 6
-62
-1 9 6
-2 5 6
7520
-682
Bu (-C E O  Me
Peneo (-c.O
Bu° (-CH2- )
* c a l  mole -1
Me
Me
Y
2
Me
Me
Me
r
2
r
3Me
1
Me o
Me'
Me
-1 9 6
-21
-2 5 2
-1 9 6
-21
-2 5 2
12
-1 1 9
-1 1 9
9
-196
-252
-21
.196
-252
-21
12
222
222
9
-9 3 9
-914-
-3 1 5
i n t e r a c t i o n s  t h a t  e n t h a l p i c  e f f e c t s  do n o t  p l a y  t h e  i m p o r t a n t  p a r t  i n  co n ­
t r o l l i n g  t h e  r a t e s  o f  t h e s e  s u b s t i t u t i o n s .  I n s t e a d ,  i t  i s  t h e  e n t r o p i c -  
e f f e c t  w h ich  i s  g o v e r n in g  t h e  r e l a t i v e  r a t e s ,  t h e  o v e r a l l  e n t r o p i c  
f a c t o r s  b e i n g  Me 1 , E t  0 .3 3 ^ *  Pen e °  0 . 2 2 5 ,  Bus  0 .0 8 8  and  Pr**" 0 .1 ^ 3 *
T a b le  6 .1 1
I n t e r a c t i o n s *  b e tw e e n  t h e  - p o t e n t i a l  m oving  and l e a v i n g  g ro u p s  i n  t h e
r e a c t a n t s
I n  t h e  i n i t i a l  s t a t e s  e a c h  Me^ g ro u p  makes a  c o n s t a n t  c o n t r i b u t i o n  
o f  -1 8 2  c a l  m ole , w h i l e  t h e  Me^ g ro u p s  make c o n t r i b u t i o n s  shown:
R Hg
P r n (Bus ), Me1
Y -2 5 4
Bu1 1 -221
Me2
Y
-2 2 1
Pen e a Me
r
-221
Me2
Y
-2 2 1
Me5
Y
0
—1* c a l  mole
The m e thod  o f  c a l c u l a t i n g  r e l a t i v e  r a t e s  p r e s e n t e d  h e r e  c l e a r l y  
c o n s t i t u t e s  an  a d v a n c e  t o  t h e  u n d e r s t a n d i n g  o f  s t e r i c  i n t e r a c t i o n s  
i n  t h e s e  s u b s t i t u t i o n  r e a c t i o n s ,  f o r  a l t h o u g h  Hughes an d  V o lg e r  
r i g h t l y  a c c o u n te d  f o r  t h e  r e l a t i v e  r a t e s  i n  te rm s  o f  s t e r i c  e f f e c t s  
t h e y  gave  e s s e n t i a l l y  t h e  w rong e x p l a n a t i o n  o f  th e m .  The im p o r t a n c e  
o f  t a k i n g  i n t o  a c c o u n t  i n i t i a l  s t a t e  e f f e c t s  and  e n t r o p i c  e f f e c t s  i s  
c l e a r l y  r e v e a l e d  by  t h e  r e s u l t s  so  f a r  p r e s e n t e d .
Some idea of the effect on the complete series of relative rates
o f  v a r y i n g  t h e  d im e n s io n s  o f  t h e  t r a n s i t i o n  s t a t e  m ode l c a n  be g a i n e d
by c o m p a r in g  t h e  v a l u e s  o f  r a t e s  q u o te d  i n  T a b le s  6 . 7 j  6 ,8  an d  6 . 9 .
T h ere  i s  i n  f a c t  a lm o s t  no ch ange  o b s e r v e d  i n  t h e  r e l a t i v e  r a t e s #
By c h a n c e ,  i t  i s  f o u n d  t h a t  t h e  r a t e s  i n  T a b le  6 . 9  a r e  c l o s e r  t o  t h e
e x p e r i m e n t a l  r e l a t i v e  r a t e s  t h a n  t h o s e  i n  T a b le  6 . 8 , w h ich  h a g h - l i g h t s
th e  d i f f i c u l t i e s  o f  i n t e r p o l a t i n g  t h r e e  d im e n s io n a l  g r a p h s .
C a l c u l a t i o n s  h ave  b e e n  p e r fo rm e d  on t h e  J e n s e n  and  R ic k b o rn  m odel
d e s c r i b e d  i n  s e c t i o n  23*1 »b, p ag e  3 0 8 . The C ^-B r^  p a i r  c o n s t i t u t e
a. n o n * - i n t e r a c t i n g  s y s te m  i n  v ie w  o f  t h e  s h i e l d i n g  e f f e c t  o f  t h e  two
m e rc u ry  a to m s .  The r e s u l t s  o b t a i n e d  a r e  g iv e n  i n  T a b le  6 . 1 2 .  The
r e a s o n  f o r  t h e  a p p a r e n t  f a i l u r e  o f  t h i s  m odel can  be t r a c e d  t o  t h e
£
e n th a l - o ic  f a c t o r s ,  t h e  v a l u e s  o f  w h ich  e r e  i n f l u e n c e d  by  B : The BrT* J m -u
and Br^, a tom s make a  n e g a t i v e  (a n  a t t r a c t i v e )  e n e r g y  c o n t r i b u t i o n  to
J
t h e  s t e r i c  i n t e r a c t i o n  t h e r e b y  lo w e r i n g  t h e  v a l u e  o f  ET*and so
i n c r e a s i n g  t h e  e n t h a l p i c  f a c t o r s .  The e n t r o p i c  and  e n t h a l p i c  f a c t o r s
r e l  neo  sand k  v a l u e s  f o r  t r a n s i t i o n  s t a t e  m o d e ls  f o r  Me, E t ,  Pe and  Bu
a r e  g iv e n  i n  Ta.ble 6 .1 3 *
I t  i s  c o n c lu d e d  from  t h e s e  c a l c u l a t i o n s  t h a t  a n  open  t r a n s i t i o n
s t a t e  m ode l w i th  d im e n s io n s  shown i n  f i g u r e  6 . 1*f ( f o r  e x a m p le )  c a n
q u a n t i t a t i v e l y  a c c o u n t  f o r  t h e  o b s e r v e d  e x p e r i m e n t a l  r a t e  c o n s t a n t s
and w o u ld  g i v e  t h e  r e l a t i v e  r a t e  s e q u e n c e  ( a t  1 0 0 ° C )  6 . 2ty. S i m i l a r
M e d . 0 0 ) > E t(0 .* f5 )  > P r n (0.*f0) > Bu1 (0 . 3 6 ) > Pen e ° ( 0 . 3 3 )  > P ^ O . 0 7 )  >
BuS ( 0 . 0 6 )  > But ( 0 .0 0 )  6 . Re­
c a l c u l a t i o n s  u s i n g  a  c y c l i c  t r a n s i t i o n  s t o i e  m ode l f a i l e d  t o  g i v e  
s a t i s f a c t o r y  r e s u l t s .
Table 6.12
R e l a t i v e  r e a c t i o n  r a t e  c o n s t a n t s  c a l c u l a t e d  f o r  t h e  f u l l  r a n g e  o f
J e n s e n and R ic k b o rn ( c y c l i c )  t r a n s i t i o n  s t a t e m o d e ls
HgCHg
d e g r e e s
C~Hg
£
Me
(6 0 ,1 0 0 ° C )
E t
(100°G )
n e oPe
( 100°G)
Bu
(60°G )
7 6 ,8 2 .1 3 i;ooo 0 .7 1 3 2 .1 1 0 0 .2 5 8
2 .2 5 1>000 0 .7 8 7 3*574 O.4 9 4
2 .3 5 1 .0 0 0 0*859 5 .5 7 0 0.844.
8 1 .0 2 .1 5 1*000 0*654 1 ,9 3 5 O.1 5 2
2 .2 5 1 .0 0 0 0 .7 2 2 3 .2 7 8 0 .3 1 7
2 .3 5 1 .0 0 0 0 .7 8 6 4 .9 6 6  • 0 .5 7 7
8 5 .0 2 .1 5 1 .0 0 0 0 . 6o4 1 .8 2 2 O.1 8 9
2 .2 5 1 .0 0 0 0 .6 6 8 3 .0 2 6 0 .1 9 8
2 .3 5 1 .0 0 0 0 .7 2 7 ^ .5 5 3 O.3 8 9
8 9 .0 2 .1 5 1 .0 0 0 0 .5 5 9 1 .7 1 3 0 .1 1 7
2 .2 5 1 .0 0 0 0 .6 1 9 2 .8 2 0 0 .2 5 8
2 .3 5 1 .0 0 0 0 .6 7 5 4 .2 1 7 0 .2 5 1
v a l u e s  s o u g h t  1 ,0 0 0  0 .4 2 0  0 ,3 3 0  0 .6 6 0
T a b le  6 .1 3
E n t h a l p i c  f a c t o r s  ( f ) ,  e n t r o p i c  f a c t o r s  (F )  and r e l a t i v e ,  r a t e  
c o n s t a n t s  f o r  t h e  o n e - a lk .y l  ex ch an g e  r e a c t i o n ,  c a l c u l a t e d  f o r  a  c y c l i c
t r a n s i t i o n  s t a t e  m o d e l ,  C-Hg 2*250  HgCHg. 81 .0 °
Me E t Peneo •n SBu
„ iEm c a l
•-“1m ole 0 -1 8 2 -6 2 4 -4 3 6
m c a l m o l e ^ 0 -7 0 4 -2 5 4 3 -1 3 0 5
f a 1 2 .0 2 2 2 .0 2 2 1 .3 8 9
Fa 1 0 .3 5 7 0 .3 5 7 0 .1 4 0
f 3
- - 6 .5 8 2 2 .0 3 6
F ^ ‘
P
- - 0*377 0 .5 7 0
F ’*’B - - 0 .5 4 7 0 .7 1 1
, r e l .k. 1 .0 0 0 0 .7 2 2 3 .2 7 8 0 .3 1 7
4• The tw o - a n io n  c a t a l y s e d  o n e - a l k y l  ex ch a n g e  r e a c t i o n
I n  t h i s  s u b s e c t i o n  t h e  c a l c u l a t i o n s  f o r  t h e  o n e - a l k y l  ex c h a n g e  
r e a c t i o n  ( 6 . 1 9 ) c a t a l y s e d  by  b ro m id e  i o n  an d  r e p r e s e n t e d  by  t h e  
r e a c t i o n  schem e 6 .2 5  t o  6 .2 7  w i l l  be  c o n s i d e r e d .
* „ ^ ( - )  f a s t v * „ ( - )  ^ or-
HgBr^ + Br ^33  3  HgBr^ 6 .2 5
RHgBr + B r ^  RHgBr,^"*^ 6 .2 6
R H g B r^ ”^  + H g B r ^ ^  --------- £ RHgBr + HgBr2 + 2 B r ( ~ ) 6 .2 7
T h is  s y s te m  h a s  b e e n  i n v e s t i g a t e d  by Hughes and  V o lg e r  (.15) who h ave  
r e p o r t e d  t h e  r e l a t i v e  r a t e  s e q u e n c e  6 .2 8  f o r  r e a c t i o n  a t  100°C i n
s o l v e n t  e t h a n o l .
Me(1 .0 0) > Pe1160(0.009) 6 .2 8
O nly  one t r a n s i t i o n  s t a t e  m odel h a s  b e e n  p r o p o s e d  f o r  t h i s  
r e a c t i o n  ( 1 5 ) ( s e e  p ag e  2 2 ) and  c a l c u l a t i o n s  have  b e e n  done on t h i s  
model*
a )  She t r a n s i t i o n  s t a t e  m odel
* M  M . M -mm mm'irn HtTm* *• bA
The t r a n s i t i o n  s t a t e  m odel i s  shown i n  s e c t i o n  23»5» p ag e  311*
The o n ly  v a r i a b l e  p a r a m e t e r s  a r e  t h e  HgCHg a n g l*  and  t h e  C-Hgg and
C-Hg^ p a r t i a l  bond l e n g t h s .  I t  h a s  b e e n  assum ed  t h a t  t h e  a to m s  i n
t h e  e n t e r i n g  and  l e a v i n g  g ro u p s  a r e  s y m m e t r i c a l l y  p o s i t i o n e d  e i t h e r
s i d e  o f  t h e  m ed ian  p lan e ,  ( s e e  p ag e  2 8 7 ) ,  i . e .  t h e y  a r e  m i r r o r ,  im ages ,
The Hg-Brg bond l e n g t h s  have  b e e n  t a k e n  a s  2 .7 5  £  a-nd a l l  o th e r .
H g-3 r bonds  have  b e e n  t a k e n  a s  2 .5 2  £ .  T hese  bond  l e n g t h s  a r e  t h e
2( - ) -same a s  t h o s e  r e p o r t e d  f o r  t h e  Hg^Br^ i o n  ( 1 5 6 ) .  The BrHgBr 
a n g l e  h a s  b e e n  s e t  a t  109° 2 8 *, t h e  t e t r a h e d r a l  a n g l e .  I n  t h e  
i n i t i a l  s t a t e  [RHgBr  ^ ?  ] ,  t h e  G -Hg bond h a s  b e e n  t a k e n  a s  2 .1 0  £C. Oj
(0.0*f £ . l o n g e r  t h a n  t h e  n o rm a l  C-Hg b o n d ) .
The C -Br-. p a i r  c o n s t i t u t e  a  n o n - i n t e r a c t i n g  s y s te m  i n  v ie w  o f
p -D
t h e  s h i e l d i n g  e f f e c t  o f  t h e  two m e rc u ry  a to m s .
The v a r i a t i o n  o f  two p a r a m e t e r s  h a s  b e e n  i n v e s t i g a t e d ;  t h e s e  
are. f i r s t l y  t h e  C-Hg p a r t i a l  bond  l e n g t h s ,  w h ic h  h av e  b e e n  v a r i e d  
o v e r  t h e  r a n g e  2 .1 5  "to 2 .3 5  £  i n  s t e p s  o f  0 . 1 0  £ ,  and  s e c o n d l y  th e  
HgCHg a n g l e ,  w h ich  h a s  b e e n  v a r i e d  f rom  ? 6 08 t o  89°*, a n g l e s  o f  7 6 . 8 , 
8 1 , 85 and  89°  b e i n g  u s e d .
b) The r o t a t i o n a l  e n e rg y  p r o f i l e s
F o r  t h e  t r a n s i t i o n  s t a t e  m o d e ls  fo rm ed  w i t h  t h e  tw e lv e  s e t s  o f  
v a r i a b l e  p a r a m e t e r s ,  and  th e  r e l e v a n t  i n i t i a l  s t a t e s ,  t h e  a  and  |3 
r o t a t i o n a l  e n e rg y  p r o f i l e s  f o r  t h e  P e ne0  c a s e  h ave  b e e n  d e r i v e d  and  
th e  f o r c e  c o n s t a n t  K v a l u e s  c a l c u l a t e d *
The r o t a t i o n a l  e n e rg y  p r o f i l e s ,  ( s e e  f o r  i n s t a n c e  f i g u r e s  6 .2 6  
and  6 . 2 7 ) a r e  q u a l i t a t i v e l y  t h e  same a s  t h o s e  f o r  t h e  u n c a t a l y s e d  
n e o - p e n t y l  c a s e  and  t h e  c a l c u l a t i o n  o f  K p r e s e n t s  no p r o b le m .
c )  The r e l a t i v e  r a t e s
The c a l c u l a t e d  e n t h a l p i c  f a c t o r s ,  e n t r o p i c  f a c t o r s  and  r e l a t i v e
r a t e s  a r e  g i v e n  i n  T a b le  6 . 1 4 .  I t  can  be s e e n  t h a t  t h e  r a t e s  v a r y
it f id e ly ,  t h e r e  b e i n g  a  f a c t o r  o f  o v e r  200  b e tw e e n  t h e  l o w e s t  and  t h e
h i g h e s t  v a l u e s .  The r a t e s  d e c r e a s e  r a p i d l y  w i t h  d e c r e a s i n g  C-Hg
bond l e n g t h  and  l e s s  r a p i d l y  f o r  d e c r e a s i n g  HgCHg a n g l e s .  A t r a n s i t i o n
s t a t e  m ode l w i t h  t h e  d im e n s io n s  C-Hg 2 .1 5  2 ,  HgCHg 7 6 * 8 ° ,  g i v e s  a
r e l a t i v e  r a t e  (O.OO6 5 ) v e r y  c l o s e  t o  t h e  s o u g h t  a f t e r  v a l u e  o f  0*009«
The r o t a t i o n a l  e n e rg y  p r o f i l e s  f o r  t h i s  m odel a r e  g iv e n  i n  f i g u r e s
6 ,2 6  and  6 . 2 7 •  The K v a l u e s  f o r  t h e s e  p r o f i l e s  a r e ,  r e s p e c t i v e l y ,
3916  and  63908  dyne cm \
E x a m in a t io n  o f  t h e  e n t h a l p i c  an d  e n t r o p i c  f a c t o r s  i n  T a b le  6,1*f
A
shows t h a t  a p a r t  f rom  t h e  e n t h a l p i c  f a c t o r ,  F ^ ,  t h e s e  do n o t  ch an g e
A
v e r y  much. The ch an g e  i n  F ^  i s  t h e r e f o r e  r e f l e c t e d  i n  t h e  c a l c u l a t e d
A
r e l a t i v e  r a t e s .  The v a l u e  o f  F^  i s  c o n t r o l l e d  a lm o s t  c o m p l e t e l y  by  
t h e  i n t e r a c t i o n s  b e tw e e n  t h e  Me^, n e a r e s t  t o  t h e  e n t e r i n g  an d  l e a v i n g  
g ro u p s  and  t h e  Br^, and  B r^  a tom s c l o s e  b y ;  s e e  T a b le  6 .1 5 *  I t  i s  
im m e d ia te ly  c l e a r  t h a t  t h e  c a l c u l a t e d  d im e n s io n s  o f  t h e  m ode l a r e  
v e r y  s e n s i t i v e  t o  t h e  v a l u e  c h o s e n  f o r  t h e  BrHgBr a n g l e .  T h i s  i s
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Table 6.14-
E n t h a l p i c  f a c t o r s  ( f ) ,  e n t r o p i c  f a c t o r s  (F) and  r e l a t i v e ,  r a t e
c a l c u l a t e d  f o r t h e  f u l l  r a n g e o f  t r a n s i t i o n s t a t e m o d e ls
HgCHg
deg
C-Hg
£
Ei .
m
c a l
Em^
mole
f«CL F „a
. r e lk-
7 6 .8 2 .1 5 -6 5 2 1309 3-521 0 .2 0 2 0 .0 2 0 0 .2 6 0 0 .5 7 6 0 .0 0 6
2 .2 5 -6 5 2 65^ 3 .8 9 8 0.24-1 0 .2 5 7 0 .2 6 3 0 .5 7 6 0 .1 1 1
2 .3 5 -6 5 2 -2 0 0 6 k .0 0 3 0 .2 9 0 1 -5 5 3 0 .1 0 7 0 . 5 7 6 0 .3 3 5
8 1 .0 2 .1 5 -6 5 2 3 .5 9 9 0 .1 9 8 0 .0 6 0 0 .2 6 6 0 . 5 7 6 0 .0 2 0
2 .2 5 -6 5 2 -1 2 7 3 3 . 9^9 0 .2 3 5 0 .5 8 6 0 .0 9 5 0 .5 7 6 0 .0 9 0
2 .3 3 -6 5 2 -24-71' ^ .031 0 .2 7 9 2 .8 8 1 0 .1 1 1 0 . 5 7 6 0*626
8 5 .O 2 .1 5 ' -6 5 2 163 3 .6 6 0 0.194- 0.14-1 0 .2 6 5 0 . 5 7 6 0.04-6
2 .2 5 -6 5 2 -1761' 3*988 0 .2 2 8 1 .1 1 8 0 .0 9 8 0 .5 7 6 0.174-
2*35 -6 5 2 -2 8 3 7 ^ .0 5 3 0 .2 7 0 4-, 694- 0 .1 1 5 0 .5 7 6 1 .0 2 3
8 9 iO 2 .1 5 -6 5 2 691 3 .7 0 8 0 .1 8 9 0.284- 0.264- 0 . 5 7 6 0 .0 9 2
2 .2 5 -6 5 2 -2 1 5 9 ^ .0 2 0 0 .2 2 2 1 .9 0 0 0 .1 0 1 0 .5 7 6 0 .2 9 7
2 .3 5 -6 5 2 -3 1 3 7 ^ .071 0 .2 6 0 7 .0 1 5 0 .1 1 8 0 .5 7 6 1 .5 2 6
r e le x e m p l i f i e d  by t h e  v a l u e s  o f  k  c a l c u l a t e d  f o r  a  m ode l o f  d im e n s io n s  
C-Hg 2*276 2 ,  HgCHg 8 1 * 0 ° ,  w i t h  i n  one c a s e  a  BrHgBr a n g l e  o f  109°  28* 
(kr e L  0 . 1 5 8 ) and  i n  a n o t h e r  c a s e  a  BrHgBr a n g l e  o f  12?°* t h e  same a s  
i n  Hg^Br^2 ^  ( 1 5 6 ) ( k 1"63" 0 ,0 0 0 0 0 8 5 ) .  I t  m ust be  a d m i t t e d  t h e n  t h a t  
u n l i k e  t h e  u n c a t a l y s e d  o n e - a l k y l  e x c h a n g e  r e a c t i o n  no c l o s e  d e f i n i t i o n  
o f  a  s a t i s f a c t o r y  t r a n s i t i o n  s t a t e  m odel c a n  b e  g i v e n ,  b u t  d im e n s io n s  
o f  one m odel t h a t  g i v e s  t h e  r e q u i r e d  r e l a t i v e  r a t e  have  b e e n  f o u n d .  
W ith  a  s l i g h t l y  l a r g e r  BrHgBr a n g l e ,  s o m e th in g  l i k e  115°» t h e n  C-Hg
and  HgCHg d im e n s io n s  c l o s e  t o  t h o s e  f o r  t h e  u n c a t a l y s e d  o n e - a l k y l  
e x ch a n g e  r e a c t i o n  w ou ld  p r o b a b l y  be  o b t a i n e d .  The c a l c u l a t i o n  o f  
i n t e r a c t i o n s  b e tw e e n  t h e  in c o m in g  an d  o u tg o i n g  g ro u p s  m ig h t  w e l l  
s e r v e  t o  d e f i n e  t h e  t r a n s i t i o n  s t a t e  more c l o s e l y .
T a b le  6 .1 5
Component i n t e r a c t i o n s *  b e tw e e n  t h e  m oving  g ro u p  and  t h e  e n t e r i n g  and
l e a v i n g g r o u p s  a t  t h e  m in im a o f  e n e r g y .  (C-Hg 2 .1 5 0  &•> HgCHg 76 * 8 °)
HgL Beltj Br-LL h®l BrETJ B rEL. B rB t o t a l s
(-C <) Mel ?
P
9-v ? 9 9 9 0 -1 1 1 7
Me1- -2 9  
Y
-1 4 -6 -2 4 6 -1 ^ 3 -1 6 0 -4 4 -6 4 2
Me2 - 2 4 6  
Y
-1 4 3 -1 6 0 -2 9 -1 4 - 6 - 4 4 -6 4 2
Me3  261 
Y
* c a l  m ole 1
1888 -1 0 8 261 1888 -1 0 8 -371 3710
1309
I n  t h i s  c a s e  i t  i s  n o t  e a s y  t o  make c o m p a r is o n s  w i t h  t h e  e s t i m a t e s  
o f  Hughes and  V o lg e r  and  i t  i s  d o u b t f u l  w h e th e r  any  p u r p o s e  w ou ld  be  
s e r v e d  by so  d o in g .  The p o i n t  may be made, h o w ev e r ,  t h a t  t h e s e  
A u th o r s  s u g g e s t e d  t h e  r a t e s  w ere  c o n t r o l l e d  by e n t h a l p i c  e f f e c t s  b u t  
t h e r e  i s  i n  t h e  c a l c u l a t i o n s  p r e s e n t e d  h e r e  a  m a jo r  c o n t r i b u t i o n  f ro m  
e n t r o p i c  e f f e c t s ,  a  f a c t o r  o f  0 .0 5  b e i n g  i n d i c a t e d .
5 .  The o n e - a n i o n  c a t a l y s e d  o n e - a l k y l  ex c h a n g e  r e a c t i o n
I n  t h i s  s u b s e c t i o n  t h e  c a l c u l a t i o n s  f o r  t h e  o n e - a l k y l  e x c h a n g e  
r e a c t i o n  ( 6 *1 9 ) c a t a l y s e d  by b ro m id e  i o n  and  r e p r e s e n t e d  by th e  
r e a c t i o n  schem e 6 .2 9  s jid  6 .3 0  \ t f i l l  be  c o n s i d e r e d .
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* ( - )HgBr2 + B r K '
* („ )
>  HgBr ^  ' 6.29
6 .3 0
T h is  s y s te m  h a s  b e e n  i n v e s t i g a t e d  by Hughes and  V o lg e r  ( 1 3 ) who 
have  r e p o r t e d  t h e  r e l a t i v e  r a t e  s e q u e n c e  6 .3 1  f o r  r e a c t i o n  a t  100°C 
i n  s o l v e n t  e t h a n o l .
Me( 1 .0 0 )  > Pe neo ( 0 .0 3 ) 6 .3 1
Prom t h e  s e v e r a l  t r a n s i t i o n  s t a t e  m o d e ls  p r o p o s e d  f o r  t h i s  
r e a c t i o n  ( s e e  p ag e  2 2 ,  and  a l s o  r e f  2 3 )» two m o d e ls  h ave  b e e n  c h o s e n  
f o r  t h e  c a l c u l a t i o n s .  T h ese  a r e  t h e  Hughes and  V c lg e r  (mono) c y c l i c  
m ode l ( s e e  s e c t i o n  2 3 *2 *a , p ag e  3 0 9 ) and  a  b i c y c l i c  m ode l p r o p o s e d  by  
J e n s e n  and  R ic k b o rn  ( 2 3 ) ( s e e  s e c t i o n  2 3 *2 . b ,  p ag e  3 1 0 ) .  The f o r m e r  
m odel h as  f a i l e d  to  g iv e  s a t i s f a c t o r y  r e s u l t s  by t h e  c a l c u l a t i o n  
m ethod  d e f i n e d  and  th e  c a l c u l a t i o n s  w i l l  n o t  b e  d ocum en ted  on  t h i s  
m odel a l t h o u g h  some m e n t io n  w i l l  be  made o f  t h e  r e s u l t s  ( s e e  p a g e  2 0 0 ) •  
The c a l c u l a t i o n s  i n  t h i s  s e c t i o n  r e l a t e  t o  t h e  J e n s e n  and  R ic k b o r n  m o d e l .
a.) The t r a n s i t i o n  s t a t e  m odel
The t r a n s i t i o n  s t a t e  m ode l i s  shown i n  s e c t i o n  2 3 *2 . b ,  p a g e  310*
O nly one v a r i a b l e  p a r a m e t e r  h a s  b e e n  u s e d ,  t h i s  b e i n g  t h e  BrgHgBr^
a n g l e .  I t  h a s  b e e n  assum ed  t h a t  t h e  Br^ a tom s w i l l  be s y m m e t r i c a l l y
p l a c e d  w i t h  r e s p e c t  t o  t h e  r e a c t i o n  p l a n e .
The H g-Br^ bond l e n g t h s  have b e e n  t a k e n  a s  2 .7 5  2  an d  t h e  o t h e r
Hg-Br bonds  have  b e e n  t a k e n  ( f o r  c o n v e n ie n c e ) * *  a s  2.4-3 2 ,  a l t h o u g h
**• Some p r e v i o u s  c a l c u l a t i o n s ,  on t h e  c y c l i c  m odel f o r  t h e  u n c a t a l y s e d  
o n e - a l k y l ,  ex ch a n g e  r e a c t i o n ,  p r o v i d e d  th e  f  and  F f a c t o r s - ,CL CL
a  b e t t e r  v a l u e  w ou ld  have b e e n  2*52 F o r  t h e  C-Hg p a r t i a l  bond 
l e n g t h s  and  t h e  HgCHg b o n d in g  a n g l e  t h e  v a l u e s  fo u n d  f o r  t h e  tw o -  
a n io n  c a t a l y s e d  c a s e  vjere u s e d ,  i . e .  2 .1 5  8  and  7 6 . 8° ,  r e s p e c t i v e l y .  
The C p-B r^  p a i r s  c o n s t i t u t e  n o n - i n t e r a c t i n g  s y s t e m s .  ( T h i s  i s  p e r h a p s  
an  o v e r  s i m p l i f i c a t i o n  an d  i s  p r o b a b l y  n o t  v a l i d ,  b u t  i t  w ou ld  o n ly  
a f f e c t  t h e  r e s u l t s  o f  t h e  c a l c u l a t i o n s  m a r g i n a l l y . )  I n  a d d i t i o n  t h e  
C - B r ^  p a i r s  c o n s t i t u t e  n o n - i n t e r a c t i n g  s y s te m s  due t o  t h e  s h i e l d i n g  
e f f e c t  o f  t h e  m e rc u ry  a to m s .
The v a r i a t i o n  o f  one p a r a m e t e r ,  t h e  Br^HgBr-g a n g l e ,  h a s  b e e n  
i n v e s t i g a t e d ;  v a l u e s  o f  6 0 , 7 0 , 8 0 , 9 0 , 100 and  110°  b e i n g  u sed*
b )  The r o t a t i o n a l  e n e r g y  p r o f i l e s
S in c e  th e  C ^-B r^  p a i r s  have  b e e n  d e f i n e d  a s  n o n - i n t e r a c t i n g  
s y s te m s  th e  cl r o t a t i o n a l  e n e rg y  p r o f i l e  f o r  n e o - p e n t y l  w i l l ,  be  t h e  
same a s  t h a t  f o r  t h e  J e n s e n  and R ic k b o rn  c y c l i c  m ode l f o r  t h e  
u n c a t a l y s e d  o n e - a l k y l  e x ch a n g e  r e a c t i o n  and  i s  i l l u s t r a t e d  i n  f i g u r e
6 . 2 8 . The 0 r o t a t i o n a l  e n e rg y  p r o f i l e s  h ave  b e e n  d e r i v e d  f o r  t h e  s i x  
v a l u e s  o f  t h e  v a r i a b l e  p a r a m e te r  and  t h e  K v a l u e s  c a l c u l a t e d  i n  t h e  
n o rm a l way.
c )  The r e l a t i v e  r a t e s
C a l c u l a t e d  e n t h a l p i c  f a c t o r s ,  e n t r o p i c  f a c t o r s  and  r e l a t i v e  r a t e s  
a r e  g iv e n  i n  T a b le  6 . 1 6 . As i n  t h e  tw o - a n io n  c a t a l y s e d  c a s e s ,  t h e
g
c a l c u l a t e d  r a t e s  v a r y  w i d e l y ,  t h e r e  b e i n g  a  f a c t o r  o f  10 betwre e n  t h e  
h i g h e s t  and  lo w e s t  v a l u e s .  The r e l a t i v e  r a t e s  d e c r e a s e  r a p i d l y  w i t h  
i n c r e a s i n g  v a l u e s  o f  t h e  Br^HgBrg a n g l e .  A t r a n s i t i o n  s t a t e  w i t h  
s u c h  an  a n g l e  o f  90°  g i v e s  a  r e l a t i v e  r a t e  ( 0 .0 6 4 )  v e ry  c l o s e  t o  t h e  
s o u g h t  a f t e r  v a l u e  o f  0 .0 3 *  The 0 r o t a t i o n a l  e n e r g y  p r o f i l e  f o r  t h i s
—-1m odel i s  g iv e n  i n  f i g u r e  6 .2 9  (K i s  13260  dyne cm ) and  t h e  d im en­
s i o n s  o f  t h e  m odel a r e  shown i n  f i g u r e  6 . 3 0 .  I n d i v i d u a l  i n t e r a c t i o n s  
a r e  l i s t e d  i n  T a b le  6 .1 7 *
T a b le  6 .1 6
E n t h a l p i c  f a c t o r s  ( £ ) ,  e n t r o p i c  f a c t o r s  (F) and  r e l a t i v e  r a t e  
c o n s t a n t s  f o r  t h e  o n e - a n i o n  c a t a l y s e d  o n e - a l k y l  ex c h a n g e  r e a c t i o n s , 
c a l c u l a t e d  f o r  t h e  f u l l  r a n g e  o f  t r a n s i t i o n  s t a t e  m o d e ls
B rBHgBr.
d e g r e e s
0 E1B m
c a l
m
m o le"”1
CL F a f (3 P
-rpl , r . e l  k
60 -6 2 4 -1 2 8 7 2 .0 7 3 0.34-4- 1 .031 0 .7 4 2 0 .5 4 7 0 .9 9 8
70 -6 2 4 -64-3 2 .0 7 3 0.34-4- 0 .4 3 4 0 .6 7 3 0 . 5 4 7 0 ,3 8 2
80 -6 2 4 -3 8 9 2 .0 7 3 0.34-4- 0 .3 3 2 0 .3 1 3 0 .5 4 7 0 .1 4 4
90 -6 2 4 176 2 .0 7 3 0.34-4- 0 .1 6 4 0 .2 8 9 0 . 5 4 ? 0 .0 6 2
100 -624- 1977 2 .0 7 3 0.34-4 0 .0 1 4 0 .2 7 8 0 .5 ^ 7 0 . 0 0 3
110 -6 2 4 8279 2 .0 7 3 0 .3 4 4 0 ,0 0 0 0 .2 7 3 0 .5 4 7 0 .0 0 0
T a b le  6 .1 7
Component i n t e r a c t i o n s *  b e tw e e n  th e  m oving  g ro u p  and  t h e  e n t e r i n g  and
l e a v i n g  g ro u p s  a t  t h e  m inim a o f  e n e r g y .  (Br^HgBr^ 9 0 ° )
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HgCHg = 7 6 .8
F i g u r e  6 ,3 0 *  S u g g e s te d  d im e n s io n s  o f  t h e  n e o - p e n t y l  t r a n s i t i o n  s t a t e  
m o d e l . f o r  t h e  o n e - a n i o n  c a t a l y s e d  o n e - a l k y l  exchange, r e a c t i o n .
The r e l a t i v e  r a t e  i s  v e r y  s e n s i t i v e  t o  t h e  i n t e r a c t i o n s  b e tw e e n  
t h e  two Me^ g ro u p s  and  t h e  c l o s e s t  b r i d g i n g  b ro m in e  a to m .  I t  i s  f a i r l y  
c l e a r  t h a t  u s i n g  t h i s  m odel a  r a n g e  o f  s a t i s f a c t o r y  C-Hg p a r t i a l  b o n d /  
HgCHg a n g le /B r^ H g B rg  a n g l e  v a l u e s  c o u ld  be fo u n d  t o  g i v e  t h e  r e q u i r e d  
r e l a t i v e  r a t e .  The c a l c u l a t i o n  o f  i n t e r a c t i o n s  b e tw e e n  v a r i o u s  a tom s  
i n  t h e  e n t e r i n g  and  l e a v i n g  g ro u p s  and  a l s o  b e tw e e n  the .  two b r i d g i n g  
b ro m in e  a to m s  m ig h t  l e a d  t o  a  more closels*- d e f i n e d  t r a n s i t i o n  s t a t e .
F o r  t h e  m odel w i t h  t h e  d im e n s io n s  fo u n d  h e r e  t h e  two b ro m in e  a to m s  are^ 
3 .8 9  & a p a r t  an d  i n t e r a c t  t o  t h e  e x t e n t  o f  - 0*5  k c a l  m o le ”^ *
The c a l c u l a t i o n s  on t h i s  m odel i n d i c a t e  t h a t  t h e r e  a r e  n e a r l y  
e q u a l  e n t h a l p i c  and  e n t r o p i c  c o n t r i b u t i o n s  to w a rd s  t h e  r e l a t i v e  r a t e .  
C a l c u l a t i o n s  on th e  Hughes and  V o lg e r  m odel do n o t  l e a d  t o  a  s u f f i c ­
i e n t l y  low  k.r e ^' v a l u e  ( d im e n s io n s  C-Hg 2 .1 5 *  2 .2 5 *  2 .3 5  & Q-nd HgCHg 
7 6 . 8 ,  8 1 , 8 5 , 89°  w ere  t r i e d ) .  Hughes an d  V o lg e r  w ere  o f  t h e  o j^ in io n  
t h a t  b a s e d  011 d i r e c t  i n t e r a c t i o n s  t h i s  m odel c o u l d  g iv e  r i s e  t o  t h e  
r a t e s  o f  t h e  c o r r e c t  o r d e r .  However, i t  i s  n o t i c e a b l e  t h a t  t h e y  h ave  
b a s e d  t h e i r  e s t i m a t e s  011 a. t r a n s i t i o n  s t a t e  w i t h  a  c o n f i g u r a t i o n  t h a t ,
 ^ i s  n o t  t h e  one o f  l o w e s t  e n e r g y ;  e s t i m a t e s  w ere  made a s s u m in g  t h e  
atom was i n  t h e  m e d ian  p l a n e .  From t h i s  w ork i t  h a s  b e e n  fo u n d  t h a t  
r o t a t i o n  o f  t h e  C^ atom  some 20°  away f rom  t h e  e n t e r i n g  g ro u p  an d  a  
s u b s e q u e n t  r o t a t i o n  o f  some 15° to w a rd s  t h i s  g ro u p  by a n  Mey g ro u p
brought about the configuration of lowest energy.
T h ese  c a l c u l a t i o n s  p r e s e n t  an  i n t e r e s t i n g  and  u s e f u l  c o n t r i b u t i o n  
s i n c e  t h e r e  i s  a t  p r e s e n t  no means a v a i l a b l e  t o  d i s t i n g u i s h  b e tw e e n  t h e  
p a r t i c i p a t i o n s  o f  one o r  o th e r ,  o f  t h e  c y c l i c  t r a n s i t i o n  s t a t e s  i n v e s t i g a t e d  
I t  i s  p e r h a p s  s i g n i f i c a n t  t h a t  t h e  m ode l fo u n d  f o r  t h e  o n e - a n i o n  c a t a l y s e d  
ex ch a n g e  r e a c t i o n  i s  a  ’ s y m m e tr ic a l*  m o d e l ,  a s  a l s o  i s  t h a t  f o r  t h e  tw o -  
a n i o n  c a t a l y s e d  r e a c t i o n ;  h o w ev e r ,  t h e  u n c a t a l y s e d  r e a c t i o n  r e q u i r e d  
t h e  p a r t i c i p a t i o n  o f  an  1u h s y m m e t r i c a l * t r a n s i t i o n  s t a t e  m o d e l .
£ •  The s u b s t i t u t i o n  o f  t e t r a a l k y l t i n s  by m e r c u r i c  h a l i d e s
I n  t h i s  s u b s e c t i o n  some p r e l i m i n a r y  c a l c u l a t i o n s  f o r  t h e  s u b s t i t r -  
u t i o n  o f  t e t r a a l k y l t i n s  by  m e r c u r i c  h a l i d e s  r e p r e s e n t e d  by  e q u a t i o n
6 .3 2  w i l l  be c o n s i d e r e d .  I t  h a s  b e e n  c o n c lu d e d  f rom  v a r i o u s  s t u d i e s
R^Sn +. HgX2 —---- * R SnX *
( 5 2 *3 3 14-6, t h i s  w ork) t h a t  t h e s e  r e a c t i o n s  c a r r i e d  o u t  i n  s e v e r a l
s o l v e n t s  p r o c e e d  by m echan ism  S .„ 2 (o p e n ) .Jb
The r e l a t i v e  r a t e s  f o r  r e a c t i o n  6 .3 2  (X ~  I )  i n  s o l v e n t  96% aq  
m e th a n o l  a t  25 a C have b e e n  fo u n d  e x p e r i m e n t a l l y  ( 3 2 ) ,  and  g i v e  t h e  
r e l a t i v e  r a t e  s e q u e n c e  6 .33*  T h i s  s e q u e n c e  i s  v e r y  s i m i l a r  t o  t h a t
Me(100)  > E t ( 0 . 6 7 )  > P r n ( 0 . 1 0 l )  > Bu1 ( 0 .0 0 7 )  > P r X(<2x 10“ 5 ); 6 .3 3
fo u n d  f o r  r e a c t i o n  6*32 (X — C l)  i n  s o l v e n t  a c e t o n i t r i l e  a t  25°C 
( s e e  p a g e  1 1 7 )*
I n  T a b le  6 ,1 8  a r e  l i s t e d  t h e  r e l a t i v e  v a l u e s  o f  E , t h e  A r r h e n i u sa
a c t i v a t i o n  e n e r g y ,  f o r  r e a c t i o n  6 .3 2  (R =  E t ,  P r 1 , P r n , Bu1 ),.
d e te r m in e d  f ro m  th e  e x p e r i m e n t a l  r e s u l t s  (co3.umn 1 ) and  from  t h e  
A r r h e n iu s  e q u a t i o n  u s i n g  th e  e x p e r i m e n t a l  r e l a t i v e  r a t e  c o n s t a n t s  
t o g e t h e r  w i t h  e n t r o p i c  f a c t o r s  t a k e n  f rom  th e  c a l c u l a t i o n s  f o r  t h e  
u n c a t a l y s e d  o n e - a l k y l  e x ch a n g e  r e a c t i o n  (co lum n 2 ) .  I t  i s  c l e a r  t h a t  
l a r g e  s t e r i c  i n t e r a c t i o n s  m us t o c c u r  i n  t h e  t r a n s i t i o n  s t a t e s *
T a b le  6 .1 8
R e l a t i v e  A r r h e n iu s —1a c t i v a t i o n  e n e r g i e s  ( k c a l  m ole  ) f o r  t h e  s u b s t i t -
u t i o n  o f . t e t r a a l k y l t i n s  by  m e r c u r i c •c h l o r i d e i n  s o l v e n t ,  a c e t o n i t r i l e ^
R Eex P g C a lc *a a
Et. 3 .6 7 3 ,2 9
P r 3'' 9 .8 7 12
P r 11 3 .0 9 3
Bu1 3 .7 7 5 .2 8
• Ea  «  13» . l o g 10 ( F / k r e l ) , s e e  t e x t .
Abraham and  S p a l d i n g  h av e  r e p o r t e d  t h a t  t h e  i n t e r a c t i o n s  b e tw e e n  
th e  m oving  g ro u p s  an d  th e  SnC^ p a r t  o f  t h e  l e a v i n g  g ro u p  make an  
i m p o r t a n t  c o n t r i b u t i o n  to w a rd s  t h e  o v e r a l l  s t e r i c  e f f e c t .  I t  seem ed 
t h a t  some u s e f u l ,  c a l c u l a t i o n s  m ig h t  be  p e r fo rm e d  by r e s t r i c t i n g  th e  
c o n s i d e r a t i o n  o f  i n t e r a c t i o n s  b e tw e e n  t h e  m oving  g ro u p  and  t h e  l e a v i n g  
g ro u p  to  t h e s e  a p p a r e n t l y  i m p o r t a n t  o n e s :  The s p a c i a l  c o n f i g u r a t i o n
Q io f  t h e  »SnC  ^ p a r t  o f  t h e  l e a v i n g  g ro u p  h a s  b e e n  a  s u b j e c t  o f  i n t e r e s t  
w i t h  r e g a r d  t o  s o l v a t i o n  on t h e  t i n  atom  and  i t s  s t e r i c  c o n s e q u e n c e s  
on t h e  r a t e  s e q u e n c e  ( 3 3 )*
S in c e  i t  h a s  b e e n  shown t h a t  t h e s e  r e a c t i o n s  a r e  e n t h a l p y  c o n t r ­
o l l e d  ( s e e  p age  1 2 1 ) , i t  was d e c id e d  f o r  t h e  p r e l i m i n a r y  c a l c u l a t i o n s  
t o  l o o k  o n ly  a t  t h e  d i r e c t  i n t e r a c t i o n s  i n  t h e  t r a n s i t i o n  s t a . t e ;
those interactions in the initial state have been disregarded#
a )  The t r a n s i t i o n  s t a t e  m ode l
The t r a n s i t i o n  s t a t e  m odel i s  shown i n  s e c t i o n  23*^» p&ge 3*12# 
T h e re  a r e  s e v e r a l  p a r a m e t e r s  w h ich  c a n  be v a r i e d :  The C-Hg and  C-Sn
p a r t i a l  bond l e n g t h s ,  t h e  SnCHg b o n d in g  a n g l e ,  t h e  a n g l e  o f  r o t a t i o n  
o f  t h e  l e a v i n g  g r o u p ,  t h e  a n g l e  o f  r o t a t i o n  o f  t h e  e n t e r i n g  g ro u p ,
j ^ ,  and  t h e  R -S n C p an g le ,  6^ .
The Hg-*C1 o r  H g-I  bond l e n g t h s  h ave  b e e n  t a k e n  a s  2 .3 3  o r  2 .6 5  2  
( 0 .0 3  2  l o n g e r  t h a n  t h e  n o rm a l  bond l e n g t h s ) .  The XHgX a n g l e  h a s  b e e n  
s e t  a t  1*f0 ° ,  a s  h a s  b e e n  done f o r  p r e v i o u s  c a l c u l a t i o n s  (p a g e  1 6 3 ) .
The Sn-C bonds  i n  t h e  l e a v i n g  g ro u p  h av e  b e e n  s e t  a t  2 . 1 6 2 ,  t h e  v a l u e  
fo u n d  f o r  Sn-C b onds  i n  t h e  t r i g o n a l  b i p y r a m i d a l  s t r u c t u r e  o f  Me^SnCN 
(137.) • The C~Sn p a r t i a l  bond l e n g t h  h a s  a lw a y s  b e e n  t a k e n  a s  0 .1 2  2  
l o n g e r  t h a n  th e  C-Hg p a r t i a l  bond l e n g t h  ( t h e  d i f f e r e n c e  t h a t - e x i s t s  
b e tw ee n  t h e i r  c o v a l e n t  bond r a d i i ) .
From n o rm a l  b o n d in g  c o n s i d e r a t i o n s  t h e  R-SnCa  a n g l e  was r e s t r i c t e d  
t o  t h e  r a n g e  90 t o  109° 2 8 f , i . e .  t h e  a n g l e s  i n  t r i g o n a l  b ip y r a m id  a n d  
t e t r a h e d r a l  s t r u c t u r e s ,  r e s p e c t i v e l y .
I t  was th o u g h t  p r o b a b l e  t h a t  t h e  c a p a c i t y  f o r  r o t a t i o n  by  b o t h  
t h e  e n t e r i n g  and  l e a v i n g  g ro u p s  w ould  be r e s t r i c t e d ,  ow ing  t o  t h e  
b u l k i n e s s  o f  t h e  l e a v i n g  g ro u p  and  t h e  c o n s e q u e n t  s t e r i c  i n t e r a c t i o n s  
w i t h  t h e  e n t e r i n g  g r o u p .  F u r t h e r ,  a s  m e n t io n e d  p r e v i o u s l y . t h e r e  had  
t o  be s t r o n g  s t e r i c  i n t e r a c t i o n s  b e tw e e n  t h e  m oving  g ro u p  011 t h e  one 
hand and  t h e  e n t e r i n g  and  l e a v i n g  g ro u p s  on t h e  o t h e r ;  f o r  t h i s  t o  
o c c u r  i t  was n e c e s s a r y  f o r  t h e  C-M (M -  m e t a l )  p a r t i a l  bond  l e n g t h s  
t o  be  s h o r t .  A c o r r e s p o n d i n g l y  l a r g e  SnCHg a n g l e  was n e c e s s a r y  t o  
k e e p  th e  s t e r i c  i n t e r a c t i o n  b e tw e e n  t h e  e n t e r i n g  and  l e a v i n g  g ro u p s
at an acceptable level.
By f i r s t l y  s e l e c t i n g  o r i e n t a t i o n s  o f  t h e  e n t e r i n g  an d  l e a v i n g  
g ro u p s  t o  s u s t a i n  a  minimum s t e r i c  i n t e r a c t i o n ,  a  s e t  o f  C-M bond  
l e n g t h s  and  SnCHg a n g l e s  w ere  d e t e r m in e d  t o  k e e p  t h i s  i n t e r a c t i o n  
s m a l l  ( a c c o u n t  b e i n g  t a k e n  a l s o  o f  t h e  a n t i c i p a t e d  v a r i a t i o n s  i n  t h e  
R-SnCa  a n g l e ) .
The e n t e r i n g  and  l e a v i n g  g ro u p  o r i e n t a t i o n s  f o r  minimum m u tu a l
i n t e r a o t i o n s  a r e  shown i n  f i g u r e  6 . 3 1 .  T a b le  6 ,1 9  l i s t s  t h e  l a r g e s t
s t e r i c  r e p u l s i o n s  c a l c u l a t e d  f o r  t h e  c h l o r i d e  t r a n s i t i o n  s t a t e  f o r
s e v e r a l  s e t s  o f  v a l u e s  o f  t h e  v a r i a b l e  p a r a m e t e r s ;  t h e s e  i n t e r a c t i o n s
aa r e  b e tw e e n  t h e  C g ro u p s  i n  t h e  l e a v i n g  g ro u p  and  th e  c h l o r i d e  a tom s 
i n  t h e  e n t e r i n g  g r o u p .  C a l c u l a t i o n s  on t h e  i o d i d e  t r a n s i t i o n  s t a t e ,  
g iv e  q u a l i t a t i v e l y  t h e  same r e s u l t s ,  b u t  q u a n t i t a t i v e l y  i n t e r a c t i o n s  
a r e  s t r o n g e r .
I n  T a b le  6 .1 9  i t  c an  be s e e n  t h a t  f o r  t h e  s h o r t  C-Hg b ond  l e n g t h
p r o f i l e s  f o r  e t h y l  w ere  c a l c u l a t e d  k e e p i n g  th e  C-Hg and SnCHg p a r a -
Me
F i g u r e  6 , 3 1 ,  O r i e n t a t i o n s  o f  t h e  e n t e r i n g  and  l e a v i n g  g r o u p s .
o f  2 .1 5  t h e  SnCHg a n g l e  n e e d s  t o  be  as. l a r g e  as. 89° t o  a c c o m o d a te
a  ~
th e  s p l a y i n g  o f  t h e  SnC^ g r o u p .  The ct- and  P r o t a t i o n a l  e n e r g y
m e te r s  a t  2 .1 3  ^  s a d  ^ 9 ° ,  r e s p e c t i v e l y ,  f o r  R—SnGa  a n g l e s  v a r y i n g  
f ro m  90 t o  110°' i n  s t e p s  o f  2 ° .  T a b le m
205
Table 6.19
Interaction* between the closest methyl group (in the leaving
and chlorine atom (in ;he entering group) for the full range of
t r a n s i t i o n s t a t e  m o d e ls  ( f i g u r e  6 . 3 1 )
C-Hg
£
R-SnCa
d e g r e e s 7 6 .8
SnCHg,
8 1 .0
d e g r e e s
8 5 .0 8 9 .0
2 .1 5 90 16527 8117 3981 1798
100 5218 2170 738 70
110 1132 180 ( - 2 1 7 ) ( - 3 7 5 )
2 .2 5 90 12902 6175 2904 1203
100 3970 1333 430 ( - 9 2 )
110 750 3 ( -2 9 3 ) ( - 4 0 2 )
2 .3 3 90 10035 4655 2072 751
100 2981 1041 181 ( - 2 1 1 )
110 451 ( - 1 3 1 ) ( - 3 4 ; ) ( - 4 1 6 )
-1 t i l o th ^ :c a l  m ole • T h e re  a r e  two o f  t h e s e  i n t e r a c t i o n s ;  
i n t e r a c t i o n s  a r e  n e g a t i v e  o r  n o t  g r e a t e r  t h e n  1 k c a l  mole 
T hese  i n t e r a c t i o n s  a r e  t h e  s t r o n g e s t  b e tw e e n  th e  e n t e r i n g  and  
l e a v i n g  g ro u p s  e x c e p t  v a l u e s  i n  p a r e n t h e s e s .
T a b le  6 .2 0
V a r i a t i o n  o f  ( c a l  m o le~ ^)  w i t h  R-SnCa  a n g l e  (C-Hg2»15&« SnCHg 8 9 ° )
R~SnCa  90° 92 94 96 98 100' 102 104 106 108  110
E *  832  456 13^- -1 3 9  -3 6 8  - 5 3 7  -7 1 2  - 8 3 7  -9 3 6  -1 0 1 3  -1 0 7 3
I t  i s  s e e n  f ro m  T a b le  6 ,2 0  t h a t  c h a n g e s  i n  R-SnCa  a n g l e  can  have
a n  i m p o r t a n t  e f f e c t  upon ( a l l  t h e  more i m p o r t a n t  t h e  s h o r t e r  t h e
o , /
C-Sn p a r t i a l  bond  l e n g t h ) , b u t  ev en  a t  t h e  l i m i t i n g  a n g l e  o f  90 &
m
i s  o n ly  0 , 8  k c a l  m ole • However, an  i n t e r a c t i o n  o f  3*6 k c a l  mol.e
f o r  e t h y l  i s  i n d i c a t e d  by  t h e  e x p e r i m e n t a l  d a t a  i n  T a b le  6 , 1 8 ,
A l o o k  a t  t h e  v a r i o u s  i n t e r a c t i o n s  a t  t h e  minimum o f  e n e rg y
( T a b le  6 , 2 1 ) r e v e a l s  t h a t  i t  i s  o n ly  t h e  i n t e r a c t i o n  w i t h  t h e  n e a r e s t ,  
aC on t h e  t i n  atom  t h a t  i s  o f  any  i m p o r t a n c e ;  t h e r e  i s  a l s o  a  l e s s e r  
c o n t r i b u t i o n  f rom  i n t e r a c t i o n  w i th  t h e  n e a r e s t  h a lo g e n  on t h e  e n t e r i n g  
g r o u p .  An i n c r e a s e  o f  l e s s  t h a n  0 , 3  2  i n  t h e  Van d e r  W aals  r a d i u s  o f  
t h e  t i n  atom  w ould n o t  a f f e c t  t h e  t o t a l  i n t e r a c t i o n  t o  any  g r e a t  
e x t e n t .  So i t  w ould  seem t h a t  o n ly  a  d e c r e a s e  i n  t h e  C-Sn p a r t i a l  
bond l e n g t h  w ould  e n a b l e  i n t e r a c t i o n s  o f  t h e  r e q u i r e d  m a g n i tu d e  t o  be 
a c h i e v e d .  An i n c r e a s e  i n  t h e  XHgX a n g l e  w ould  a l s o  be  a  s t e p  i n  t h e  
r i g h t  d i r e c t i o n .
U sin g  a  C-Hg bond l e n g t h  o f  2 ,1 3  an  SnCHg a n g l e  o f  8 9 °  and  an
R-SnCa  a n g l e  o f  90° t h e  r o t a t i o n a l  e n e rg y  p r o f i l e s  f o r  E t ,  P r 1 , P r 11
and Bu1 have  b e e n  c a l c u l a t e d  and  a r e  shown i n  f i g u r e s  6 .3 2  t o  6 , 3 5 »
■I
The v a l u e s  o f  and  t h e  c o n t r i b u t i n g  i n t e r a c t i o n s  a r e  g i v e n  i n  T a b le
6 . 2 1 ,  C om p ariso n  o f  t h e s e  E v a l u e s  w i t h  t h e  v a l u e s  o f  E i n  T a b l em a
6 ,1 8  shoi?s t h a t  a l t h o u g h  t h e y  a r e  i n  t h e  c o r r e c t  r e l a t i v e  o r d e r  t h e y  
a r e  a l l  t o o  low  i n  m a g n i tu d e .  The i n t e r a c t i o n s  b e tw e e n  t h e  m ov ing  
g ro u p  and  t h e  l e a v i n g  g ro u p  do n o t  a p p e a r  t o  be  a s  s t r o n g  a s  t h e y  
s h o u ld  b e .
However, t h e  f i g u r e s  do p r o v i d e  some i n t e r e s t i n g  f e a t u r e s :  They
te n d  t o  b e a r  o u t  t h e  d i s c u s s i o n  o f  S p a l d i n g ' s  r e s u l t s  (p ag e  1 1 6 ) ,  
sh o w in g  t h a t  i t  i s  p o s s i b l e  t o  e x p l a i n  t h e  s h a r p  d e c r e a s e  i n  r a t e  f ro m  
e t h y l  t o  i s o - p r o p y l  and  t h e  s m a l l  d e c r e a s e  i n  r a t e  f rom  n —p r o p y l  t o
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iso-butyl. Examination of the ethyl rotational energy profile shows
t h a t  one  b a r r i e r  i s  w id e r  th a n  t h e  o t h e r  a s  a  r e s u l t  o f  t h e  more
e x t e n s i v e  i n t e r a c t i o n s  b e tw e e n  t h e  m oving  g ro u p  and  t h e  l e a v i n g  g ro u p
th a n  w i t h  t h e  e n t e r i n g  g r o u p .  I n  i s o - p r o p y l  t h e  p r o f i l e  c o n s i s t s  o f
otwo s u p e r im p o s e d  e t h y l  p r o f i l e s  s t a g g e r e d  by  120 • I t  i s  t h e  d i f f e r ­
en ce  i n  b a r r i e r  w id th s  c a u s i n g  a  d i s p l a c e m e n t  o f  th e  minimum t h a t
jL
p r o v i d e s  s u c h  a  l a r g e  i n c r e a s e  i n  i n  g o in g  from  e t h y l  t o  i s o - p r o p y l ,  
w h ich  i s  s e e n  i n  t h e  e x p e r i m e n t a l  r e s u l t s  and  to  a  l e s s e r  d e g r e e  i n  
t h e  c a l c u l a t e d  r e s u l t s ,  A d e c r e a s e  i n  t h e  SnCHg a n g l e  and  a l s o  a  
l o n g e r  Sn-Ca  bond  w i l l  h e l p  t o  g i v e  a  w id e r  m oving  g r o u p / l e a v i n g  
g ro u p  b a r r i e r .  However, a  d e c r e a s e  i n  t h e  C-Sn p a r t i a l  bond  l e n g t h  
w ould  make a  more s i g n i f i c a n t  c o n t r i b u t i o n  a l t h o u g h  t h i s  w ou ld  am ount 
t o  a  s m a l l e r  p e r c e n t a g e  i n c r e a s e  i n  t h e  C-Sn bond l e n g t h  t h a n  i n  t h e  
C-Hg bond l e n g t h  from  th e  i n i t i a l  s t a t e s  t o  t h e  t r a n s i t i o n  s t a t e s .
One f i n a l  p o i n t  i s  t h a t  i t  h a s  b e e n  n e c e s s a r y  t o  e n v i s a g e  an  
R-SnCa  a n g l e  o f  90° t o  o b t a i n  s t r o n g  s t e r i c  i n t e r a c t i o n s ,  b u t  a  
s h o r t e r  C-Sn p a r t i a l  bond l e n g t h  w ould  a l l o w  some v a r i a t i o n  t o  be 
c o n s i d e r e d  f o r  t h i s  a n g l e .  T h i s  v a r i a t i o n  c o u ld  be  b r o u g h t  a b o u t  by  
d i f f e r e n c e s  i n  t h e  s o l v e n t  m o le c u le  c o o r d i n a t i n g  t o  t h e  t i n  a tom  an d  
r e f l e c t  i t s e l f  on t h e  r e a c t i o n  r a t e  s e q u e n c e  i n  t h e  way J o h n s t o n  h a s  
d e s c r i b e d  ( 3 3 )*
T hus ,  s h o r t e r  C-Sn p a r t i a l  bond l e n g t h s ,  s m a l l e r  SnCHg a n g l e s  
and  l o n g e r  Sn-C a  bond l e n g t h s  t h a n  t h o s e  u s e d  a r e  i n d i c a t e d  by  t h e  
p r e l i m i n a r y  c a l c u l a t i o n s  r e p o r t e d  h e r e .
T a b le  6 ,2 1
C om ponent i n t e r a c t i o n s *  b e tw e e n  th e  m o v in g  g ro u p  an d  t h e  e n t e r i n g  and
l e a v i n g  g ro u p s  a t  t h e  minimum o f  e n e rg y  
(C-Hg 2 . 1 5  8 , C-Sn 2 .2 7  SnCHg 89°', R-SnC ,9 0 ° )
Sn *1Me Me2  . Me5 C l11 C l2 j£»m
E t Me^ -161 104-5 -1 7 4 -5 7 75 -1 0 7 210 832
Pr1 TMe P -1 3 0 444 -1 5 2 -5 8 694! ~ l 4 i 537
Me2 -1 3 0 -5 8 -1 5 2 4-44 694 537 -141 2388
Pr11 -161 104-5 -1 7 4 -5 7 75 -1 0 7 210
TT 2Me
r -21
-101 -3 7 -2 2 -2 4 5 -1 1 5 -2 9 9 -8
Bu1 (-CH#) -161 1045 -1 7 4 -5 7 75 -1 0 7 210
1 * 4 -5 3 -1 5 9 -11 -3 8 -7 4 -1 4 6 321
MeY -2 1 3 -1 4 2 962 -5 5 -3 -1 0 -6 11.98
* c a l  mole - 1 .•
7 .  D i s c u s s i o n  o f  t h e  w ork
I f  i . t  i s  a c c e p t e d  t h a t  s t e r i c  e f f e c t s  a r e  a  r e s u l t  o f  n o n -b o n d e d  
i n t e r a c t i o n s  t h e n  o f  fu n d a m e n ta l  im p o r ta n c e  t o  t h e  s u c c e s s  o f  t h e s e
c a l c u l a t i o n s  a r e  1) t h e  n o n -b o n d ed  p o t e n t i a l  f u n c t i o n s ,  2) th e .  Van
d e r  W aals r a d i i ,  and  3 ) t h e  c o m p e n s a t io n  f o r  t h e  s h i e l d i n g  e f f e c t  o f  
n e i g h b o u r i n g  a to m s .  Once t h e s e  h av e  b e e n  e s t a b l i s h e d  c o r r e c t l y  an d  a  
r o t a t i o n a l  e n e rg y  p r o f i l e  c o n s t r u c t e d  t h e n  t h e  m ethod  o f  c a l c u l a t i o n  
\tfould a p p e a r  t o  g iv e  a  f a i r  i n t e r p r e t a t i o n  o f  t h e i r  e f f e c t .
The c a l c u l a t i o n s  a p p e a r  t o  be n o t  so  much a  t e s t  o f  t h e  i n t e r ­
p r e t a t i o n  o f  r o t a t i o n a l  e n e rg y  p r o f i l e s  b u t  m ore a  t e s t  o f  t h e
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f u n d a m e n ta l  p r e c e p t s .  Such  i s  t h e  c o n c l u s i o n  o f  A l l i n g e r  and  co w o rk e rs  
who h ave  c o n s t a n t l y  r e - a d j u s t e d  n o n -b o n d e d  p o t e n t i a l  f u n c t i o n s  and  
Van d e r  W aals  r a d i i  t o  a l i g n  t h e  c a l c u l a t e d  r e s u l t s  w i t h  e x p e r i m e n t a l  
r e s u l t s .  One o t h e r  f e a t u r e  i n  t h e  p r e s e n t  c a l c u l a t i o n s  c o n c e r n s  t h e  
t r a n s i t i o n  s t a t e  m o d e ls :  A p a r t  f rom  r o t a t i o n s  o f  t h e  m oving  g ro u p s
r i g i d  m o d e ls  have  b e e n  c o n s i d e r e d .  I n  r e a l i t y ,  bond b e n d i n g  and  
s t r e t c h i n g  a r e  c e r t a i n  t o  o c c u r  and  w i l l  t e n d  to  sm oo th  o u t  t h e  
r o t a t i o n a l  e n e rg y  p r o f i l e s .  The e f f e c t  upon t h e  e n t r o p i c  f a c t o r s  
w ould  p r o b a b l y  be s m a l l e r  t h a n  on e n t h a l p i c  f a c t o r s  b u t  f o r  a  s e r i e s  
o f  r e a c t i o n s  t h e  r e l a t i v e  e f f e c t  may n o t  be  a l l  t h a t  s i g n i f i c a n t .
What h a s  b e e n  p e r fo rm e d  i n  t h i s  w ork r e p r e s e n t s  a  f i r s t  r u n  
t h r o u g h :  S t a r t i n g  w i th  some p u b l i s h e d  n o n -b o n d e d  f u n c t i o n s  and
a c c e p t a b l e  Van d e r  W aals  r a d i i  and  a  n e i g h b o u r i n g  atom  c o r r e c t i o n  
f a c t o r ,  t h e  c a l c u l a t i o n s  have  p r o v i d e d  a  q u a n t i t a t i v e  e x p l a n a t i o n  o f  
t h e  u n c a t a l y s e d  and  c a t a l y s e d  o n e - a l k y l  ex ch a n g e  r e a c t i o n ,  b u t  o n ly  
a  q u a l i t a t i v e  e x p l a n a t i o n  o f  t h e  s u b s t i t u t i o n  r e a c t i o n s  o f  t e t r a ­
a l k y l t i n s  by m e r c u r i c  h a l i d e s .  The n e x t  s t e p  i s  t o  d e c i d e  w h a t t o  
change  b e f o r e  r e p e a t i n g  t h e  c a l c u l a t i o n s .  I n  t h e  A u th o r f s  o p i n i o n  
th e  c o m p e n s a t in g  f a c t o r  f o r  t h e  s h i e l d i n g  e f f e c t  o f  n e i g h b o u r i n g  
a tom s i s  p e r h a p s  t h e  f i r s t  i t e m  to  l o o k  a t .  Once a  s a t i s f a c t o r y  
u n i v e r s a l l y  a p p l i c a b l e  c o m p e n s a t io n  i s  d e v e lo p e d  th e n  t h e  n o n -b o n d e d  
f u n c t i o n s  an d  Van d e r  W aals r a d i i  c a n  be a l t e r e d  a t  w i l l .
From a  p r a c t i c a l  p o i n t  o f  v ie w  t h e  d e c i s i o n - m a k i n g  p r o c e s s  
c o n c e r n in g  t h e  v a l u e  o f  K m u s t  b e , e x p r e s s e d  a s  a n  A lg o r i t h m  and  be 
i n c o r p o r a t e d  i n t o  a  s i n g l e  p ro g ram  t o  e n a b l e  r a t e s  t o  be  c a l c u l a t e d  
i n  one p rog ram m ing  s e q u e n c e  f rom  bond, l e n g t h  and  b o n d in g  a n g l e  d a t a .  
W ith  t h e  com ing  o f  t h i r d  g e n e r a t i o n  c o m p u te rs  and  l a r g e  memory s y s t e m s  
on th e  m a rk e t  t h e  o p t i m i s a t i o n  o f  n o n -b o n d e d  f u n c t i o n  and  Van d e r
21*f
W aals r a d i i  t o  e n a b l e  t h e  s i m u l t a n e o u s  i n t e r p r e t a t i o n  (or. n o n ~ in te r .~  
p r e t a t i o n )  o f  s e v e r a l  r a t e  s e q u e n c e s  w i l l  be p o s s i b l e .
8 . Summary
An e m p i r i c a l  m ethod  f o r  c a l c u l a t i n g  s t e r i c  e f f e c t s  h a s  b e e n  
d e s c r i b e d .  I t  i s  b a s e d  upon e n e r g i e s  o f  n o n -b o n d e d  i n t e r a c t i o n  an d  
a t t e m p t s  t o  t a k e  i n t o  a c c o u n t  t h e  f u l l  r e a c t i o n  p r o c e s s  i n  te rm s  o f  
e n e rg y  d i f f e r e n c e s  b e tw e e n  th e  i n i t i a l  and  th e  t r a n s i t i o n  s t a t e s  
( e n t h a l p i c  e f f e c t s )  an d  i n  te rm s  o f  t h e  p a t h s  a v a i l a b l e  f o r  r e a c t a n t s  
t o  r e a c h  t h e  t r a n s i t i o n  s t a t e  ( e n t r o p i c  e f f e c t s ) .
I t  h a s  b e e n  u s e d  w i t h  s u c c e s s  t o  i n t e r p r e t  s t e r i c  e f f e c t s  i n  t h e  
u n c a t a l y s e d  o n e - a l k y l  m e rc u ry  ex ch a n g e  r e a c t i o n s  p r o c e e d i n g  by 
m echanism  S g 2 ( o p e n ) .  P r e v i o u s  e s t i m a t e s  (1 5 )  have  s u g g e s t e d  t h a t  
t h e s e  r e a c t i o n s  may be  i n t e r p r e t e d  s o l e l y  i n  te rm s  o f  e n t h a l p i c  
e f f e c t s .  The p r e s e n t  m e th o d ,  ho w ev er ,  h a s  shown t h a t  t h e r e  a r e  s i g n i f ­
i c a n t  c o n t r i b u t i o n s  f ro m  e n t r o p i c  e f f e c t s ,  and  e n t r o p i c  an d  e n t h a l p i c  
f a c t o r s  i n  t h e  r a t e  f o r  a  c o m p le te  s e r i e s  o f  o n e - a l k y l  e x ch a n g e  
r e a c t i o n s  have  b e e n  c a l c u l a t e d  t o g e t h e r  w i t h  d im e n s io n s  an d  p r e f e r r e d  
c o n f i g u r a t i o n s  o f  t h e  t r a n s i t i o n  s t a t e  m o d e ls .  The m e thod  h a s  b e e n  
s u c c e s s f u l  i n  sh o w in g  t h a t  t h e  e x p e r i m e n t a l  r e l a t i v e  r a t e  s e q u e n c e  
c a n n o t  be i n t e r p r e t e d  i n  te rm s  o f  a  c y c l i c  t r a n s i t i o n  s t a t e .
S u c c e s s f u l  t r e a t m e n t s  o f  t h e  one and  tw o - a n io n  c a t a l y s e d  o n e -  
a l k y l  ex ch a n g e  r e a c t i o n  have  a l s o  b e e n  p e r f o r m e d  i n  te rm s  o f  s p e c i f i c  
c y c l i c  t r a n s i t i o n  s t a t e s  and  t h e  r e l a t i v e  im p o r ta n c e  o f  t h e  e n t h a l p i c  
and  e n t r o p i c  f a c t o r s  i n  t h e  r a t e  have  b e e n  d e m o n s t r a t e d .  S u g g e s t i o n s  
c o n c e r n in g  t h e  d im e n s io n s  o f  t h e  t r a n s i t i o n  s t a t e  m o d e ls  h av e  b e e n  
m ade.
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Some p r e l i m i n a r y  c a l c u l a t i o n s  on t h e  s u b s t i t u t i o n  r e a c t i o n s  o f  
t e t r a . a l k y l t i n s  by m e r c u r i c  h a l i d e s  have met w i t h  q u a l i t a t i v e  r a t h e r  
t h a n  q u a n t i t a t i v e  s u c c e s s .  They have  l e d  t o  s u g g e s t i o n s  c o n c e r n in g  
t h e  c o n f i g u r a t i o n s  o f  e n t e r i n g  and  l e a v i n g  g ro u p s  i n  t h e  t r a n s i t i o n  
s t a t e  m o d e ls  a s  w e l l  a s  p a r t i a l  b o n d in g  d i s t a n c e s  and  b o n d in g  a n g l e s .
Some c r i t i c i s m s  and  s u g g e s t i o n s  c o n c e r n in g  t h e  m e thod  a r e  m ade.
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SECTION 7
SUMMARY OF THE WORK
The s u b s t i t u t i o n  o f  t e t r a e t h y l t i n  by m e r c u r i c  s a l t s  (HgX^: X ~  C l ,  
I ,  OAc) i n  s o l v e n t  a c e t o n i t r i l e  a t  25°C and  i n  some c a s e s  (X =  C l ,  I )  
a t  *fO an d  60°C h a s  b e e n  s t u d i e d .  The s t o i c h i o m e t r y  o f  r e a c t i o n  i s  
r e p r e s e n t e d  by
E t^ S n  + HgX2. --------}  Et^SnX + Etl-IgX 7 .1 '
I n  th e  c a s e  o f  m e r c u r i c  i o d i d e  r e a c t i o n  i s  f o l l o w e d  by  a  r a p i d  
r e v e r s i b l e  r e a c t i o n  o f  t h e  fo rm
E t  S n I  + Hgl_ E t  S n ( + ) + H g l _ . ^  . 7*23 2 3 3
The r e a c t i o n s  have  b e e n  shown to  f o l l o w  s e c o n d  o r d e r  k i n e t i c s ,  f i r s t  
o r d e r  i n  e a c h  r e a c t a n t ,  and  some k i n e t i c  s a l t  e f f e c t  s t u d i e s  an d  
p o l a r  c o - s o l v e n t  s t u d i e s  s u g g e s t  t h a t  r e a c t i o n  p r o c e e d s  by  m echan ism  
S g R (o p e n ) .
The r e a c t i o n  s e q u e n c e  fo u n d ,
Hg(0Ac) 2 > H gl2 > HgCl2  > (B g l  =. 0 ) 7 . 3
i s  d i f f e r e n t  f rom  t h a t  u s e d  by  p r e v i o u s  w o rk e r s  a s  e v i d e n c e  f o r  
m echanism  S p 2 ( o p e n ) ,  and  i t  i s  c o n c lu d e d  t h a t  t h e  p r e d i c t i o n  o f  
m echanism  from  r e a c t i v i t y  s e q u e n c e  i s  u n r e l i a b l e .
The s u b s t i t u t i o n  o f  t e t r a a l k y l t i n s  (R^Sn: R =  Me, E t ,  P r 11, Bu11,
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P r 1 , Bu1 ) by  m e r c u r i c  c h l o r i d e  i n  s o l v e n t  a c e t o n i t r i l e  a t  25°C and  
i n  some c a s e s  (R — Me, E t ,  Bu1 ) a t  60°G have  b e e n  s t u d i e d .  From 
q u a l i t a t i v e  an d  q u a n t i t a t i v e  p r o d u c t  a n a l y s e s  t h e  s t o i c h i o m e t r y  o f  
th e  r e a c t i o n s  h a s  b e e n  shown to  be
R^Sn + H g C l ^  > R SnC l + RHgCl• ? A
The r e a c t i o n s  have  b e e n  shown t o  f o l l o w  s e c o n d  o r d e r  k i n e t i c s ,  f i r s t  
o r d e r  i n  e a c h  r e a c t a n t *  The o r d e r  o f  r e a c t i v i t y  was fo u n d  t o  be
Me»  E t  > P r n -  Bu11 > Bu1 »  P r 1 , 7 . 5
q u a l i t a t i v e l y  and  q u a n t i t a t i v e l y  v e r y  s i m i l a r  t o  t h e  s e q u e n c e s  fo u n d  
i n  i n  p r e v i o u s  w ork f o r  t h e  s u b s t i t u t i o n  o f  t e t r a a l k y l t i n s  i n  s o l v e n t  
96% aq  m e th a n o l  by  m e r c u r i c  i o d i d e  and  m e r c u r i c  c h l o r i d e .  T hese  
l a t t e r  r e a c t i o n s  have  b e e n  shown to  p r o c e e d  by m echanism  S ^ 2 (o p e n )  
and  by a n a lo g y  t h i s  m echanism  h as  b e e n  p r o p o s e d  f o r  t h e  r e a c t i o n s  i n  
s o l v e n t  a c e t o n i t r i l e .  From a  s e m i - q u a n t i t a t i v e  t r e a t m e n t  o f  s t e r i c  
e f f e c t s  t h e  t r a n s i t i o n  s t a t e  g e o m e t r i e s  w ere  d e m o n s t r a te d  t o  be  c o n s i s t e n t  
w i t h  m echanism  £>£,2 (o p e n )  t h r o u g h o u t  t h e  s e r i e s  o f  s u b s t i t u t i o n  r e a c t i o n s .  
When d e t e r m in e d ,  a c t i v a t i o n  p a r a m e t e r s  w ere  sho ira  to  be  n o t  i n c o n s i s t e n t  
w i t h  t h i s  m echan ism . T hese  s u b s t i t u t i o n  r e a c t i o n s  i n  s o l v e n t  a c e t o ­
n i t r i l e  co m p lied  w i t h  t h e  S^,2 r u l e  o f  Abraham and  H i l l .
A m ethod  o f  c a l c u l a t i n g  s t e r i c  e f f e c t s  h a s  b e e n  d e v e lo p e d  and  
h a s  b e e n  a p p l i e d  to  some b i m o l e c u l a r  e l e c t r o p h i l i c  s u b s t i t u t i o n  
r e a c t i o n s .  I n  two c a s e s  i t  h a s  e n a b l e d  a  c h o ic e  to  be made betxveen 
t r a n s i t i o n  s t a t e s ,  and  h a s  p r o v id e d  some i n s i g h t  i n t o  f a c t o r s  
c o n t r i b u t i n g  to  th e  r a t e s  o f  s t e r i c a l l y  c o n t r o l l e d  r e a c t i o n s .
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SECTION 8
PREPARATION AND PURIFICATION OF MATERIALS
1 • S o l v e n t s
a )  A c e t o n i t r i l e
R e a g e n t  g r a d e  a c e t o n i t r i l e  was o b t a i n e d  from  C am brian  C h e m ic a ls  
L t d * ,*  i n  7 a.&d 10 Kg b a t c h e s .  C h ro m a to g ra p h ic  a n a l y s i s  r e v e a l e d  
t h a t  t h e  c o n c e n t r a t i o n  o f  i m p u r i t i e s ,  e s p e c i a l l y  b e n z e n e ,  v a r i e d  
f rom  b a t c h  t o  b a tc h *
A l l  t h e  a c e t o n i t r i l e  u s e d  was p u r i f i e d  a c c o r d i n g  t o  t h e  f o l l o w i n g  
m e thod  ( 1 1 6 ) :  Crude a c e t o n i t r i l e  (1800  m l) was r e f l u x e d  w i t h  b e n z o y l
c h l o r i d e  (20  m l) i n  a  2 1  f l a t - b o t t o m e d  f l a s k ,  and  was s u b s e q u e n t l y  
d i s t i l l e d  a t ,  9 t o  10 m l /m in  i n t o  a  f l a s k  c o n t a i n i n g  w a t e r  (2 0  m l)  t o  
h y d r o ly s e  an y  b e n z o y l  c h l o r i d e  d i s t i l l e d  o v e r .  The d i s t i l l a t e  was 
d r i e d  by  r e f l u x i n g  w i t h  s t i r r i n g  o v e r  sod ium  c a r b o n a t e  (%) g )  f o r  two- 
h o u rs*  The f l o c c u l e n t  m ass  o f  sod ium  b a r b o n a t e  was f i l t e r e d  o f f  on a  
B uchner  f u n n e l  and  th e  a c e t o n i t r i l e  was r e t u r n e d  t o  t h e  2 1 f l a s k  
t o g e t h e r  w i t h  f r e s h  sod ium  c a r b o n a t e  (2 0  g )  and  p o ta s s iu m  p e rm a n g a n a te  
(30  g )*  W h ile  m a g n e t i c a l l y  s t i r r e d ,  t h e  m i x t u r e  was c a r e f u l l y  
d i s t i l l e d  i n t o  a  d r y  f l a s k  f i t t e d  w i t h  a  c a l c iu m  c h l o r i d e  g u a r d  tu b e *  
The d i s t i l l a t e  was t h e n  s l i g h t l y  a c i d i f i e d  w i t h  c o n c e n t r a t e d  
s u l p h u r i c ,  a c i d  and  a  w h i te  p r e c i p i t a t e  o f  ammonium s u l p h a t e  was 
a l lo w e d  t o  s e t t l e *  The a c e t o n i t r i l e  was d e c a n te d  i n t o  a  d r y  f l a s k  
and  was f i n a l l y  d r i e d  by r e f l u x i n g  o v e r  c a l c iu m  h y d r i d e  u n t i l  the .  
e v o l u t i o n  o f  h y d ro g e n  c e a s e d  ( a p p r o x i m a t e l y  two h o u r s ) *
The a c e t o n i t r i l e  was t h e n  f r a c t i o n a l l y  d i s t i l l e d  t h r o u g h  a  56  cm 
* C am brian  C h e m ic a ls  L t d . ,  London, S*E; 1 6 *
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co lum n, d e s c r i b e d  i n  t h e  f o l l o w i n g  s u b s e c t i o n ,  and  a f t e r  d i s c a r d i n g  a  
s m a l l  f o r e c u t  o f  d i s t i l l a t e  ( u s u a l l y  100  m l ) , p u r e  a c e t o n i t r i l e  b o i l i n g  
a t  8 1 .8 °C  (7 6 0  mm p r e s s u r e )  was c o l l e c t e d .  T h i s  s o l v e n t  was s t o r e d  
f o r  a s  s h o r t  a  t im e  a s  p r a c t i c a l  s i n c e  i t  h a s  b e e n  r e p o r t e d  ( 1 1 6 ) t h a t  
t h e  o p t i c a l  q u a l i t y  o f  a c e t o n i t r i l e  d e t e r i o r a t e s  on s t a n d i n g .
P r i o r  t o  t h e  a c t u a l  u s e  o f  a c e t o n i t r i l e  f o r  k i n e t i c  p u r p o s e s  i t  
was d i s t i l l e d  t h r o u g h  a  22 cm V ig re u x  colum n and  t h e  m i d d l e - c u t  was 
r e t a i n e d  f o r  u s e .
Some p h y s i c a l  p r o p e r t i e s  o f  t h e  a c e t o n i t r i l e  p r e p a r e d  i n  t h i s  
way a r e  g iv e n  i n  T a b le  8 . 1 .
T a b le  8 .1
The p r o p e r t i e s  o f  a c e t o n i t r i l e  f rom  v a r i o u s  s o u r c e s
S o u rc e B . P t ,  °C/mm Hg 2 5°d 20  a  n B
t h i s  w ork 8 1 i 8 /7 6 0 0 .7 7 6 6 ‘1 .3 ^ 3 5
l i t  ( 1 1 6 ) 8 2 .0 /7 6 3 0 .7 7 6 8 3 1 0 ^ 3 9 3
l i t  ( 1 1 5 ) - 0 .7 7 6 9 1 1 . 3 ^ 3 3
l i t  (1 1 9 ) 8 1 .7 / 7 6 3 0 .7 7 6 8 0 1 . 3^388
l i t  ( 1 5 8 ) - 0 .7 7 6 8 3 l.3M fT 1
i).. The f r a c t i o n a t i n g  colum n
A d ia g ra m  o f  t h e  f r a c t i o n a t i n g  co lum n , and  th e  e l e c t r i c a l  
c i r a u i t s  i s  g i v e n  i n  f i g u r e  8 . 1 .
The column was o p e r a t e d  a t  b o i l u p  r a t e s  o f  a p p r o x i m a t e l y  500  g / h r  
w i t h  an  e s t i m a t e d  (1 5 9 )  p l a t e  v a l u e  o f  1 0 0 .  A r e f l u x  t o  t a k e - o f f  
r a t i o  o f  50 was em ployed  a l l o w i n g  t h e  c o l l e c t i o n  o f  10 g a c e t o n i t r i l e  
p e r  hour*
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m e rc u ry  c u t - o u t  s w i t c h
c a lc iu m  c h l o r i d e  g u a rd  tu b e
1cm
c o n t r o l l e rS u n v ic
colum n p a c k in g : :
_125 s of Vl6"
S t a b r i t e  s t a i n l e s s  
s t e e l  D ixon r i n g s60cm / '
V/
l a g g i n g
h e a t i n g  ta p e : :
I s o t a p e ,  ty p e  HT352
v a r i a b l e  t r a n s f o r m e r s :  
V a r i a c ,  ty p e  E^-01 AE 020
\ \
1300  ml
   -
2 1 h e a t i n g  m a n t l e :  
I s o m a n t l e ,  t y p e  MG7B06
F i g u r e  8 * 1 .  The f r a c t i o n a t i n g  colum n an d  e l e c t r i c a l  c i r c u i t s , -
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ii). The water content of the acetonitrile
The w a te r  c o n t e n t  o f  a  t y p i c a l  sam p le  o f  a c e t o n i t r i l e  f r e s h l y  
d i s t i l l e d  f o r  a  k i n e t i c  r u n  was e s t i m a t e d  u s i n g  t h e  K a r l  F i s c h e r  
m ethod  ( 1 6 0 ) .
The K a r l  F i s c h e r  r e a g e n t *  was s t a n d a r d i s e d  w i t h  a  s t a n d a r d  
s o l u t i o n  o f  w a te r  i n  m e th a n o l  c o n t a i n i n g  5 nig w a te r  p e r  m l .  A l i q u o t s  
o f  t h e  a c e t o n i t r i l e  w ere  s u b s e q u e n t l y  t i t r a t e d  w i t h  t h e  K a r l  F i s G h e r  
r e a g e n t .  The a c e t o n i t r i l e  was fo u n d  t o  c o n t a i n  0,03%  w/w w a t e r .
b )  M e th a n o l
M e th a n o l  was o b t a i n e d  from  B u rro u g h s* *  i n  10 g a l l  b a t c h e s .  I t  
■was d i s t i l l e d  u n d e r  n i t r o g e n ,  a  5% f o r e c u t  b e i n g  d i s c a r d e d  b e f o r e  
c o l l e c t i o n .  The m e th a n o l  was fo u n d  t o  be o p t i c a l l y  c l e a r  i n  t h e  
r e g i o n  u s e d  f o r  t h e  s p e c t r o p h o t o m e t r i c  m e a s u re m e n t s .
The 96% aq*** m e th a n o l  u s e d  f o r  p r e p a r i n g  q u en ch  s o l u t i o n s  was 
made up u s i n g  t h i s  m e th a n o l  (3  l )  and  d i s t i l l e d  w a te r  (208  g ) ,
2* R e a c t a n t s  and  p r o d u c t s
a )  T e t r a a l k y l t i n s
i )  T e t r a r n e t h y l t i n
T e t r a m e t h y l t i n  was p r e p a r e d  i n  x y le n e  medium i n  a  way s i m i l a r  t o  
t h a t  o f  F o l d e s i  ( 161 ) ;  The p r e p a r a t i v e  a p p a r a t u s ,  c o n s i s t i n g  a  3  1- 
t h r e e - n e c k e d  f l a s k  f i t t e d  w i t h  a  d o u b l e - s u r f a c e  r e f l u x  c o n d e n s e r  an d  
c a lc iu m  c h l o r i d e  t u b e ,  a  m e r c u r y - s e a l e d  s t i r r e r ,  and  a  230  m l t a p  
f u n n e l ,  r e s p e c t i v e l y ,  was a s s e m b le d  f rom  t h e  o v e n - h o t  co m p o n en ts  an d  
p l a c e d  on a  s te a m  c o n e .
* Im proved  K a r l  F i s c h e r  r e a g e n t ;  P e t e r s  and  J u n g n i c k e l ,  A n a l* C h em ,,  
4-7 ( 1 935)  ^ 5 0 ,  s u p p l i e d  by  B.-D.H., P o o l e ,  D o r s e t ,
** Jam es B u r r o u g h s ,  B e e f e a t e r  H ouse , V a u x h a l l  S t r e e t ,  L ondon , S . E . 1 1 ,  
*** See f o o t n o t e  on p ag e  2 3 .
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A few  d r o p s  o f  b ro m in e  w ere  ad d e d  t o  a  m i x tu r e  o f  e t h e r - w a s h e d ,  
o v e n - d r i e d  m agnesium  r a s p i n g s  (20k  g ,  8,^-3 S a to m ) ,  a n h y d ro u s  d i - n -  
b u t y l  e t h e r  (100  m l) and  sod ium  d r i e d  x y le n e  (*f00  m l ) , c o n t a i n e d  i n  
t h e  5 1 f l a s k i  F o r m a t io n  o f  m e th y lm ag n es iu m  i o d i d e  was i n i t i a t e d  by 
c a r e f u l l y  a d d in g  one t e n t h  o f  a  s o l u t i o n  o f  io d o m e th a n e  (5 0 0  ml.,
8 ,0 0  m o le )  i n  a n h y d ro u s  x y l e n e  (2500  m l ) .
A nhydrous  s t a n n i c  c h l o r i d e  ( 1 ,7 8  m l ,  8 ,0 0  m o le )  was a d d e d  t o  t h e  
r e m a in d e r  o f  t h e  io d o m e th a n e  s o l u t i o n ,  and  t h i s  m i x tu r e  i^as a d d e d  t o  
t h e  v i g o r o u s l y  s t i r r e d  G r ig n a r d  r e a g e n t  s u f f i c i e n t l y  f a s t  t o  k e e p  t h e  
t e m p e r a t u r e  o f  t h e  r e a c t i o n  m i x t u r e  b e tw e e n  80 and  100°C , F o l l o w i n g  
t h e  p e r i o d  o f  a d d i t i o n  (1 h o u r ) ,  t h e  m i x t u r e  was h e a t e d  on a n  e l e c t r i c  
m a n t l e  and  t h e  t e m p e r a t u r e  m a i n t a i n e d  a t  110°C f o r  t h r e e  h o u r s .  The 
w ho le  was a l lo w e d  t o  c o o l ,  t h e  c o n d e n s e r  was t h e n  s e t  f o r  d i s t i l l a t i o n  
and  a b o u t  250  ml o f  a  c lo u d y  d i s t i l l a t e  o f  t e t r a m e t h y l t i n  was c o l l e c t e d  
b e tw e e n  65 and  ? 8°C , T h i s  p r o d u c t  s m e l l e d  s l i g h t l y  o f  t r i m e t h y l t i n  
h a l i d e s  and  t h e s e  w ere s u b s e q u e n t l y  p r e c i p i t a t e d  a s  t h e i r  ammonia, 
co m p lex es  ( 1 6 2 ) by  t r e a t m e n t  w i t h  d ry  ammonia g a s  f o r  one h o u r .  
[ U n f o r t u n a t e l y ,  t h i s  t r e a t m e n t  r e s u l t e d  i n  s e v e r e  l o s s  o f  t e t r a m e t h y l ­
t i n  by  e v a p o r a t i o n  ( a p p r o x ,  100 m l)  and  t h e  s i m u l t a n e o u s  c o o l i n g  o f  
t h e  l i q u i d  w ould  have  b e e n  a d v a n t a g e o u s , ]
The t e t r a m e t h y l t i n  was n e x t  f r a c t i o n a l l y  d i s t i l l e d  t h r o u g h  a  
22 cm l a g g e d  V ig re u x  colum n f i t t e d  w i t h  a  v a r i a b l e  r a t i o  t a k e - o f f  
h e a d ,  and  120 ml o f  t e t r a m e t h y l t i n  was c o l l e c t e d  b e tw e e n  76  an d  78°C , 
C h ro m a to g ra p h ic  a s i a l y s i s  showed th e  p r e s e n c e ,  o f  i m p u r i t i e s  an d  a  
s e c o n d  t r e a t m e n t  w i t h  g a s e o u s  ammonia p ro d u c e d  a  f a i n t  w h i te  p r e c i p i t a t e .  
The f i l t e r e d  l i q u i d  was r e f r a c t i o n a t e d  to  y i e l d  75 &il o f  p r o d u c t ,  
b o i l i n g  b e tw e e n  7&,5 anc  ^ 78°C , No i m p u r i t i e s  w ere  d e t e c t e d  by  
c h ro m a to g ra p h y ,  and  t h e  r e f r a c t i v e  i n d e x  com pared  f a v o r a b l y  w i t h
2 2 k
literature values for tetramethyltin (see Table 8 .2 ),
i i )  O th e r  t e t r a a l k y l t i n s
T e t r a - e t h y l - ,  n - p r o p y l - ,  i s o - p r o p y l -  and  i s o - b u t y l - t i n s  w e r e  
p r e p a r e d  i n  a c c o r d a n c e  w i t h  t h e  m e th o d  o f  L u i j t e n  and  Van d e r  K erk  
( 163)2  The a p p a r a t u s  d e s c r i b e d  a b o v e  f o r  t h e  p r e p a r a t i o n  o f  t e t r a ­
m e t h y l t i n  w as  a l s o  u s e d  f o r  t h e s e  p r e p a r a t i o n s *  E t h e r - w a s h e d  and  
o v e n - d r i e d  m a g n es iu m  r a s p i n g s  (150  g ,  6 . 2  g  a to m )  w e r e  p l a c e d  i n  t h e  
f l a s k .  5 m l  o f  a  s o l u t i o n  o f  a l k y l  h a l i d e  ( 6 . 9  m o l e )  i n  s o d iu m  d r i e d  
e t h e r  (.1500 m l )  w e r e  m ix e d  w i t h  t h r e e  d r o p s  o f  b r o m in e  a.nd a d d e d  
d r o p w i s e  fr o m  t h e  t a p  f u n n e l  t o  t h e  m a g n e s iu m .  F o l l o w i n g  t h e  s t a r t  
o f  t h e  G r ig n a r d  r e a c t i o n  ( r e c o g n i s e d  b y  t h e  c l e a n  a p p e a r a n c e  o f  t h e  
m a g n es iu m  s u r f a c e  i n  c o n t a c t  w i t h  t h e  a l k y l  h a l i d e  s o l u t i o n )  w as t h e n  
a d d e d  a t  a  r a t e  t o  m a i n t a i n  g e n t l e  r e f l u x  o f  t h e  s t i r r e d  r e a c t i o n  
m i x t u r e .  The r e a c t i o n  was c o m p l e t e d  b y  r e f l u x i n g  f o r  a  f u r t h e r  h a l f ,  
h o u r  on  t h e  s t e a m  c o n e .
A f t e r  c o o l i n g  t h e  f l a s k  i n  i c e ,  s t a n n i c  c h l o r i d e  ( 2 5 0  g ,  0*96  m o l e )  
w as a d d e d  w i t h  v i g o r o u s  s t i r r i n g  o v e r  a  p e r i o d  o f  a n  h o u r .  The s t i r r e d  
m i x t u r e  w as t h e n  r e f l u x e d  f o r .  o n e  h o u r  a f t e r  w h i c h  t h e  c o n d e n s e r  w as  
s e t  f o r  d i s t i l l a t i o n .  The b u l k  o f  t h e  e t h e r  w as  d i s t i l l e d  o f f  i n  t h e  
c o u r s e  o f  t h r e e  h o u r s ,  s t i r r i n g  b e i n g  m a i n t a i n e d  f o r  a s  l o n g  a s  
p o s s i b l e ,  d u r i n g  w h ic h  t i m e  t h e  t e m p e r a t u r e ,  o f  t h e  m i x t u r e  w as  
a l l o w e d  t o  r e a c h  65° C .
A f t e r  r e c o o l i n g  t h e  f l a s k  i n  i c e  t h e  c o l l e c t e d  e t h e r  w as  r e t u r n e d  
t o  t h e  r e a c t i o n  m i x t u r e  w h i c h  w as  s u b s e q u e n t l y  d e c o m p o s e d  b y  s l o w l y  
a d d i n g  i c e d  w a t e r  ( 2 5 0  m l )  f o l l o w e d  b y  i c e - c o l d  TO%  h y d r o c h l o r i c  a c i d  
( 1 2 0 0  m l ) .  D e c o m p o s i t i o n  was a i d e d  b y  t h e  e a r l i e s t  p o s s i b l e  s t a r t  t o  
t h e  s t i r r i n g  o f  t h e  m i x t u r e .
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The c o n t e n t s  o f  t h e  f l a s k  s e p a r a t e d  i n t o  two l a y e r s  and  t h e  u p p e r  
e t h e r e a l  l a y e r  was f i l t e r e d  and  d r i e d  o v e r  c a lc iu m  c h l o r i d e *  E t h e r  
was l a t e r  rem oved  by d i s t i l l a t i o n  and  t h e  c ru d e  t e t r a a l k y l t i n  was 
d i s t i l l e d  u n d e r  r e d u c e d  p r e s s u r e *  T r i a l k y l t i n  h a l i d e s  c o u ld  a lw a y s  
be d e t e c t e d  i n  t h e  c ru d e  p r o d u c t  by t h e i r  p u n g e n t  and  u n p l e a s a n t  
o d o u r s ,  an d  t h e s e  w ere  p r e c i p i t a t e d  a s  ammonia co m p lex es  ( 1 6 2 ) by  
p a s s i n g  a  s t r e a m  o f  diry ammonia g a s  f o r  a b o u t  h a l f  h o u r  t h r o u g h  t h e  
c ru d e  p r o d u c t  d i l u t e d  w i t h  a n h y d ro u s  e t h e r .  A f t e r  f i l t r a t i o n  an d  a  
s e c o n d  ammonia t r e a t m e n t  t o  e n s u r e  c o m p le te  r e m o v a l  o f  t h e  t r i a l k y l t i n  
h a l i d e s ,  t h e  e t h e r  was d i s t i l l e d  o f f .  The r e m a i n i n g  t e t r a a l k y l t i n  w as 
c a r e f u l l y  f r a c t i o n a t e d  u n d e r  r e d u c e d  p r e s s u r e  u s i n g  a  l a g g e d  22  cm 
colum n p a c k e d  w i t h  1 / t 6 ” S t a b r i t e  S t a i n l e s s  S t e e l  D ixon R in g s * ,  and  a  
v a r i a b l e  r a t i o  t a k e - o f f  h e a d .
The t r i a l k y l t i n s  w ere  c o l l e c t e d  a s  c o l o u r l e s s  a l m o s t  o d o u r l e s s  
l i q u i d s  g i v i n g  s y m m e t r i c a l  s i n g l e  p e a k s  when c h ro m a to g ra p h e d  on a  
s i l i c o n e  o i l  column e x c e p t  i n  t h e  c a s e  o f  t e t r a - i s o - b u t y l t i n  i n  w h ic h  
some 1% o f  i m p u r i t y  p e r s i s t e d .  I t  was n e c e s s a r y  t o  s t o r e  t e t r a - i s o -  
p r o p y l t i n  u n d e r  n i t r o g e n  i n  t h e  d a r k  i n  o r d e r  t o  d e l a y  t h e  f o r m a t i o n  
o f  an  am orphous w h i t e  s o l i d  t e n t a t i v e l y  i d e n t i f i e d  a s  d i - i s o - p r o p y l t i n  
d i h y d r o x i d e  ( 3 2 ) ,  Some p r o p e r t i e s  o f  t h e s e  t e t r a a l k y l t i n s  a r e  l i s t e d  
i n  T a b le  8 . 2 .
b )  M e r c u r ic  c h l o r i d e
A nalaR  g ra d e  m e r c u r i c  c h l o r i d e  f rom  B .D .H . ,  c o n t a i n i n g  n o t  l e s s  
t h a n  93% HgCl^ was r e c r y s t a l l i s e d  f o u r  t im e s  from  m e t h a n o l .  The f i n a l  
c r y s t a l l i n e  p r o d u c t  was k e p t  u n d e r  vacuum i n  a  d e s i c c a t o r  f o r  2k  h o u r s  
t o  rem ove t h e  b u l k  o f  t h e  m e th a n o l  o f  c r y s t a l l i s a t i o n .  F i n a l l y ,  t h e  
* G r i f f i n  & G eo rg e ,  Wembley, M id d le s e x .
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m e r c u r i c  c h l o r i d e  was m a i n t a i n e d  a t  56 °C a t  a  p r e s s u r e  o f  1 t o  2 mm 
o f  m e rc u ry  u n t i l  no f u r t h e r  l o s s  i n  w e ig h t  o c c u r r e d  ( c a ,  9 h o u r s ) *
T a b le  8*2
'The p r o p e r t i e s  o f  t e t r a a l k y l t i n s  u s e d  i n  t h i s  w ork
o 25°CCompound y i e l d  % B * P t ,  C/mm Hg r e f r a c t i v e  i n d e x  n ^
fo u n d  l i t -  ( 3 6 ) fo u n d  l i t  ( 3 6 )
Me^Sn 28a 7 8 /7 6 0 77 - 7 8 /7 6 0 1 .4-396 1.4-386
E t^S n 85 6 8 *5 /1 2 7 0 - 7 2 / 1 7b 1.4-686 1 *4687b
Pr.^Sn 70 1 1 2 /8 * 5 9 0 - 9 2 / 3 . 5 1.4-713 1.4-717
P rjjsn 28 1 1 2 /1 3 9 8 -9 9 /1 1 1,4-836 1 .4 8 3 2
BujySn - 1 4 4 /9 1 4 8 -1 5 0 /1 1 1 .^ 7 0 7 1 .4 7 0 7
B u js n 75 130 / 6 .5  136 - 1 3 7 /1 6 1.4-720 1 .4 7 2 0
a  L o ss  due t o  e v a p o r a t i o n  d u r i n g  p u r i f i c a t i o n ,  $5% y i e l d  o f  c ru d e  
p r o d u c t*  
b r e f  3 3 .
c S u p p l i e d  by S c h e r i n g ,  A.G.
a)  O th e r  t i n  and jM ercu ry^com gounds
The f o l l o w i n g  compounds u s e d  w ere  k i n d l y  s u p p l i e d  by  G.F* J a h n s t o n :  
t r i m e t h y l - ,  t r i e t h y l - ,  t r i - n - b u t y l - t i n  c h l o r i d e s , d i e t h y l  t i n  d i c h l o r i d e , 
e t h y l t i n  t r i c h l o r i d e ,  m e t h y l - ,  e t h y l - ,  n - p r o p y l -  and  n - b u t .y l - m e r c u r y  
c h lo r id e s .*  T r i p l y  r e c r y s t a l l i s e d  m e r c u r i c  i o d i d e  was k i n d l y  p r o v i d e d  
by T . jR. S p a ld in g *
A nalaR  m e r c u r i c  a c e t a t e  was o b t a i n e d  f ro m  H opk ins  an d  W i l l i a m s * *
* H opkins  and  W i l l i a m s ,  C hadw ell  H e a th ,  E s s e x .
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3* Added salts
a). T e t r a - n - b u t y la m m o n iu m  g e r c h l o r a t e
T e t r a - n - b u t y la m m o n iu m  p e r c h l o r a t e  (Bu^NClO^) w as  p r e p a r e d  on  a
h a l f  m o la r  s c a l e .
T e t r a - n - b u t y la m m o n iu m  i o d i d e  (183  g )  was d i s s o l v e d  i n  a  96%
m e t h a n o l / 4 / o  w a t e r  m i x t u r e  ( 2 0 0  m l )  and  was t h o r o u g h l y  m ix e d  w i t h  a
s o l u t i o n  o f  s o d iu m  p e r c h l o r a t e  ( 6 1 . 3  g )  d i s s o l v e d  i n  a  k %  m e t h a n o l /
96 %  w a t e r  m i x t u r e  ( 2 0 0  m l ) .  A f l o c c u l e n t  w h i t e  p r e c i p i t a t e  o f
BuJjNClO^ w a s  o b t a i n e d .  T h i s  w as  w a s h e d  w i t h  w a t e r ,  d i s s o l v e d  i n
m e th a n o l ,  and  w as p r e c i p i t a t e d  w i t h  a d d e d  w a t e r ’*
The p r o d u c t  w as  t h e n  d i s s o l v e d  i n  h o t  w a t e r ,  f i l t e r e d  and
nr e c r y s t a l l i s e d .  The Bu^NClO^, w h ic h  w as f o u n d  t o  b e  f r e e  fr o m  i o d i d e  
i o n ,  w as d r i e d  b y  e x p o s u r e  t o  t h e  a t m o s p h e r e .  The l a s t  t r a c e s  o f  
w a t e r  w e r e  r e m o v e d  b y  m a i n t a i n i n g  t h e  p r o d u c t  a t  ^ 6 ° C  i n  a  vacuum  f o r  
f i v e  h o u r s ,  r e s u l t i n g  i n  a  w e i g h t  l o s s  o f  l e s s  t h a n  0 .1 /£ *  Y i e l d :  67% ;  
M .P t ,  21*f°C [ l i t ,  2 1 3 °C  ( 16k ) ] ,
b )  L i t h i u m _ g e r c h l o r a t e
i )
A n a la R  g r a d e  l i t h i u m  p e r c h l o r a t e  (L iC lO ^ )  ( 6 k  g )  fr o m  B .D .H ,  w as  
d i s s o l v e d  i n  m e t h a n o l  ( 1 0 0  m l ) ,  an d  a f t e r  h o t  f i l t r a t i o n  w as  a l l o w e d  
t o  c r y s t a l l i s e .  A s e c o n d  c r o p  o f  c r y s t a l s  w as  g row n  fr o m  t h e  m o t h e r  
l i q u o r  and  a l l  t h e  L iC lO ^  w as r e c r y s t a l l i s e d  fr o m  m e t h a n o l .  The  
p r o d u c t  w as d r i e d  u n d e r  vacuum a t  36° C f o r  s i x  h o u r s .  Y i e l d :  3^ g*
i i )  E s t i m a t i o n
S t o c k  s o l u t i o n s  o f  L iC lO ^ i n  a c e t o n i t r i l e  w e r e  p r e p a r e d ,  an d  t h e  
p e r c h l o r a t e  c o n t e n t  w as d e t e r m i n e d  g r a v i m e t r i c a l l y  a s  t e t r a p h e n y l -
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p h o s p h o n iu m  p e r c h l o r a t e  i n  t h e  f o l l o w i n g  m anner  ( 1 6 5 ) :  A s a m p le  fr o m
o — ^ |
t h e  s t o c k  s o l u t i o n  a t  2p C c o n t a i n i n g  a p p r o x i m a t e l y  5  x  10  m o le
L iC lO ^  w&s a d d e d  t o  a  s o l u t i o n  o f  s o d iu m  c h l o r i d e  ( 1 6 g )  i n  d i s t i l l e d
w a t e r  ( 2 0  m l ) .  A q u eo u s  t e t r a p h e n y l p h o s p h o n i u m  c h l o r i d e *  s o l u t i o n
( 1 0 0  m l )  w as  a d d e d  w i t h  s t i r r i n g ,  an d  a  w h i t e  f l o c c u l e n t  p r e c i p i t a t e
f o r m e d .  The m i x t u r e  was a l l o w e d  t o  s t a n d  f o r  a t  l e a s t  t h r e e  h o u r s
b e f o r e  t h e  s u p e r n a t e n t  l i q u i d  was t e s t e d  f o r  e x c e s s  p e r c h l o r a t e  b y
t h e  a d d i t i o n  o f  a  f e w  d r o p s  o f  t h e  t e t r a p h e n y l p h o s p h o n i u m  c h l o r i d e
s o l u t i o n .
The p r e c i p i t a t e  w as  t h e n  f i l t e r e d  o f f  on  a  p r e w e i g h e d  s i n t e r e d  
g l a s s  c r u c i b l e ,  w a s h e d  w i t h  i c e - c o l d  w a t e r  ( 2 0 0  m l )  and  w as  a i r ~ d r i e d  
a t  t h e  pump b e f o r e  d r y i n g  t o  c o n s t a n t  w e i g h t  a t  1 1 0 ° C. From  t h e  
w e i g h t  o f  t e t r a p h e n y l p h o s p h o n i u m  p e r c h l o r a t e  o b t a i n e d  t h e  p e r c h l o r a t e  
c o n t e n t  o f  t h e  p r e p a r e d  s a l t  was c a l c u l a t e d  an d  t h e  c o n c e n t r a t i o n  o f  
t h e  s t o c k  s o l u t i o n  d e r i v e d .
c ) T e tr a m eth y la m m o n iu m  t r i c h l o r o m e r c u r a t e ^ ( 1 6 § 2 _ i c o r r e s p o n d i n g ^ t o
a d d e d  t e t r a m e th y la m m o n iu m  c h l o r i d e )
i )  P r e p a r a t i o n  and p u r i f i c a t i o n
An a q u e o u s  s o l u t i o n  o f  t e t r a m e th y la m m o n iu m  c h l o r i d e  a n d  m e r c u r i c .
c h l o r i d e  i n  e q u im o l a r  p r o p o r t i o n  w as s l o w l y  e v a p o r a t e d  u n t i l  c r y s t a l s
b e g a n  t o  f o r m .  The s o l u t i o n  w as c o o l e d  and t h e  c r y s t a l s  r e c o v e r e d .
The e v a .p o r a .t io n  p r o c e s s  w as  c o n t i n u e d  u n t i l  a  g o o d  y i e l d  o f  c r y s t a l l i n e
p r o d u c t  w as o b t a i n e d .  The t e t r a m e th y la m m o n iu m  t r i c h l o r o m e r c u r a t e  w as
c r y s t a l l i s e d  fr o m  h o t  w a t e r  and  fo r m e d  c o l o u r l e s s  n e e d l e - l i k e  c r y s t a l s .
T h e s e  w e r e  d r i e d  b y  e x p o s u r e  t o  t h e  a t m o s p h e r e  an d  s u b s e q u e n t  d r y i n g
a t  56 ° G  u n d e r  vacuum  f o r  o v e r  f i v e  h o u r s  r e s u l t e d  i n  a  w e i g h t  l o s s  o f
* T h i s  w as o b t a i n e d  fr o m  D r .  T h e o d o r  S c h u c h a r d t .  G .M .B .H . & C o . ,  
M unchen , G erm any.
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l e s s  t h a n  0 , 05 /£*
i i )  E s t i m a t i o n
—2Two s t a n d a r d  s o l u t i o n s  (1 x  10 M) o f  t h e  s a l t  i n  a c e t o n i t r i l e  
w ere  p r e p a r e d  an d  f i v e  0 , 2  ml s a m p le s  w ere  w i th d ra w n  f ro m  e a c h  s o l u t i o n  
and  ad d e d  to  20 ml v o lu m es  o f  m e t h a n o l i c  p o t a s s i u m  i o d i d e  s o l u t i o n  
• (2*5  x  10 ^  M ), S o l u t i o n s  w ere  w e ig h e d  a t  e a c h  s t a g e  t o  e n a b l e  t h e
d i l u t i o n  t o  be  o b t a in e d ,  a c c u r a t e l y .  A b so rb a n c e  m e a su re m e n ts  w ere  
made a t  3 0 2 ,5  nij-i and  315*0 ^  a n & t h e  m e rc u ry  c o n c e n t r a t i o n s  o f  t h e  
s t a n d a r d  s o l u t i o n s  w ere  c a l c u l a t e d  u s i n g  t h e  p r e v i o u s l y  d e t e r m in e d  
m o la r  e x t i n c t i o n  c o e f f i c i e n t  o f  H g l ^   ^ (£ -  1 2 3 5 8 ) f o r  t h e  s y s te m  
( s e e  p a g e  239)*  From t h e s e  m e a su re m e n ts  i t  was c o n c lu d e d  t h a t  1 g 
s a l t  c o n t a i n e d
0*2335 g Me^NCl + 0*7665  g HgClg 
o r  0 ,8 8 9 9  g MejNH&Cl + 0 ,1 1 0 1  g H gCl^ .
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SECTION 9 
THE KINETIC RUN
The g e n e r a l  m e thod  o f  p e r f o r m i n g  a  k i n e t i c  r u n  i s  d e s c r i b e d  i n  
s u b s e c t i o n s  1 t o  7 b e lo w .  S in c e  some d i f f e r e n c e s  e x i s t  b e tw e e n  th e  
m e thods  a d o p te d  f o r  s lo w  and f o r  f a s t  r e a c t i o n s ,  c o r r e s p o n d i n g  
h e a d in g s  a p p e a r  i n  s u b s e c t i o n s  2 , ^ f a n d  6 .
1 .  P r e p a r a t i o n  o f  th e  r e a c t i o n  s o l v e n t
A b a t c h  o f  n ew ly  p u r i f i e d  a c e t o n i t r i l e .  was d i s t i l l e d  t h r o u g h  a.
22 cm V ig re u x  colum n and: t h e  m i d d l e - c u t  was c o l l e c t e d  i n  a  c l e a n  d r y  
w e ig h ed  f l a s k .  The w e ig h t  o f  a c e t o n i t r i l e  c o l l e c t e d  w a s 'd e t e r m i n e d  
and t h e  a p p r o p r i a t e  w e ig h t s  o f  q u in o l .  an d  i n e r t  s a l t  w e re  ad d e d  i f  
r e q u i r e d .
F o r  r e a c t i o n s  w i t h  ad d e d  w a t e r ,  s t a n d a r d  s o l u t i o n s  o f  w a t e r  i n  
a c e t o n i t r i l e  w ere  p r e p a r e d  a t  25°C an d  w ere  w e ig h ed  t o  e n a b l e  t h e i r  
d e n s i t y  t o  be c a l c u l a t e d .
2 .  P r e p a r a t i o n  o f  t h e  r e a c t a n t  s o l u t i o n s
a )  F o r  s lo w  r e a c t i o n s
A l l  r e a c t i o n s  e x c e p t  t h o s e  i n v o l v i n g  t e t r a m e t h y l t i n  f e l l  i n t o  t h e  
c a t e g o r y  o f  s lo w  r e a c t i o n s ;  one o f  two m e th o d s  was a d o p t e d  f o r  t h e  
p r e p a r a t i o n  o f  r e a c t a n t  s o l u t i o n s  i n  e a c h  c a s e :
i )  M ethod 1
By d i r e c t l y  w e ig h in g  t h e  r e a c t a n t s ,  s o l u t i o n s  o f  e a c h  r e a . c t a n t  
a t  25°C w ere  p r e p a r e d  i n  c a l i b r a t e d  30  ml. s t a n d a r d  f l a s k s  u s i n g  t h e
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p r e v i o u s l y  p r e p a r e d  s o l v e n t *  The w e i g h t s  o f  t h e s e  s o l u t i o n s  w ere  
d e t e r m in e d  to  e n a b l e  t h e  a s s e s s m e n t  o f  t h e  d e n s i t y  o f  t h e  r e a c t i o n  
m i x tu r e  t o  be  made*
The t e t r a a l k y l t i n  and  m e r c u r i c  h a l i d e  s o l u t i o n s  w ere  t h e n  
t r a n s f e r r e d  t o  a  50  ml c o n i c a l  f l a s k  and  a  w e ighed  100 m l c o n i c a l  
f l a s k  r e s p e c t i v e l y  and  e a c h  was w eighed*
i i )  M ethod 2
One o f  th e  r e a c t a n t s  was w e ig h e d  i n t o  a  100 ml c o n i c a l  f l a s k  and  
t h e  o t h e r  was w e ig h e d  i n t o  a  s m a l l  sa m p le  tu b e *  100 ml o f  s o l v e n t  
was p i p e t t e d  i n t o  t h e  100  ml f l a s k  w h ic h  was s u b s e q u e n t l y  r e w e ig h e d .
b )  F o r  f a s t  r e a c t i o n s
O nly  r e a c t i o n s  i n v o l v i n g  t e t r a m e t h y l t i n  f e l l  i n t o  t h e  c a t e g o r y  
o f  f a s t  r e a c t i o n s .
S o l u t i o n s  o f  e a c h  r e a c t a n t  a t  25°C one h u n d re d  t im e  more 
c o n c e n t r a t e d  t h a n  w ere  r e q u i r e d  f o r  t h e  r e a c t i o n  m i x t u r e  w ere  p r e p a r e d  
i n  c a l i b r a t e d  50  ml s t a n d a r d  f l a s k s  u s i n g  t h e  p r e v i o u s l y  p r e p a r e d  
s o l v e n t ,  b y  d i r e c t l y  w e ig h in g  t h e  r e a c t a n t s *  0 .5  ml s a m p le s  o f  e a c h  
s o l u t i o n  w ere  w i th d ra w n  and  w ere  w e ig h e d  i n t o  two more c a l i b r a t e d  
50  ml s t a n d a r d  f l a s k s  and  w ere  made up t o  volum e a t  2 5 °0  w i t h  t h e  
p r e v i o u s l y  p r e p a r e d  s o l v e n t .  The w e ig h t s  o f  t h e s e  s o l u t i o n s  w ere  
d e t e r m in e d  t o  e n a b le  t h e  a s s e s s m e n t  o f  t h e  d e n s i t y  o f  t h e  r e a c t i o n  
m i x tu r e  t o  be  m ade.
3* T h e r m o s t a t t i n g  r e a c t a n t s  a t  t h e  t e m p e r a t u r e  o f  r e a c t i o n
The f l a s k s  c o n t a i n i n g  t h e  s o l u t i o n s  o f  r e a c t a n t s  w ere  p l a c e d  i n  
a  c r a d l e  i n  an  o i l - f i l l e d  (B .P ,  E n e r g o l  JS -A ) t h e r m o s t a t t e d  b a t h
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f i t t e d  w i t h  a  l i d .  T h re e  Townson and  M e rc e r  b a t h s *  w ere  u s e d  ( t y p e s  
E 2 7 / I I ,  E 7 7 0 / I I  and  E 2 7 / H )  s e t  a t  t e m p e r a t u r e s o f  25 j ^0 and  60°C 
( r e s p e c t i v e l y )  w i t h  a  t o l e r a n c e  o f  + 0 .0 1 °C  a s  m e a su re d  w i t h  N ..P ,L ,  
c a l i b r a t e d  th e r m o m e te r s ,
P r e p a r a t i o n  o f  t h e  q u e n c h  s o l u t i o n s
a )  F o r  j s l o w  r e a c t i o n s
A s o l u t i o n  o f  p o t a s s iu m  i o d i d e  ( 2 , 5  3C TO ^ M) i n  9 me t h a n o l
was u s e d  a s  t h e  s t o c k  q u en ch  s o l u t i o n ,
20  ml. vo lum es  w ere  i n t r o d u c e d  i n t o  25 ml s am p le  b o t t l e s  f i t t e d  
w i t h  p o l y t h e n e  c l o s u r e s  u s i n g  e i t h e r  a  b u r e t t e  o r  a  J e n c o n !s  30 ml 
Z i p p e t t e  ** . The w e ig h t s  o f  t h e  q u e n c h  s o l u t i o n s  w ere  r e c o r d e d ,
b )  F o r  f a s t  r e a c t i o n s
A s o l u t i o n  o f  p o t a s s iu m  i o d i d e  (3*75  x  10 M) i n  96% aq  m e th a n o l
was u s e d  a s  t h e  s t o c k  q u en ch  s o l u t i o n ,
k  ml, vo lum es  w ere  i n t r o d u c e d  i n t o  25  ml sam p le  b o t t l e s  f i t t e d
w i t h  p o l y t h e n e  c l o s u r e s  u s i n g  a  J e n c o n * s  Z i p p e t t e d .  The w e i g h t s  o f  
t h e  q u en ch  s o l u t i o n s  w ere  r e c o r d e d ,
5 ,  The s t a r t  o f  t h e  r e a . c t i o n
The r e a c t i o n  was s t a r t e d  by  p o u r i n g  t h e  s o l u t i o n  f rom  t h e  50 ml 
f l a s k  i n t o  t h e  100  ml f l a s k  o r  by a d d in g  t h e  s am p le  tu b e  o f  r e a c t a n t  
t o  t h e  100  ml f l a s k ,  t h e  s t a r t  o f  r e a c t i o n  b e i n g  t a k e n  a s  6 sec-  f ro m  
t h e  b e g i n n i n g  o f  t h e  a d d i t i o n  p r o c e d u r e .  The 100 ml f l a s k  was t h e n
s h a k e n  v i g o r o u s l y  f o r  30  s e c  t o  e n s u r e  c o m p le te  m ix in g  o f  t h e  r e a c t a n t s ,
* Townson and  M e rc e r  L t d , ,  C roydon , S u r r e y ,
** J e n c o n  L t d . ,  Hemel H em pstead , H e r t s ,
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6 . Sampling
G e n e r a l l y  f i f t e e n  s a m p l e s  w e r e  t a k e n  b e f o r e  t h e  r e a c t i o n  had  
r e a c h e d  fr o m  70 t o  90%  c o m p l e t i o n ,
a )  From  s l o w  r e a c t i o n s
0*2  m l s a m p l e s  o f  r e a c t i n g  m i x t u r e  w e r e  p i p e t t e d  i n t o  t h e  20  m l  
q u e n c h  s o l u t i o n s  and  t h e  s a m p le  w e i g h t s  w ere, o b t a i n e d  fr o m  f u r t h e r ;  
w e i g h i n g s .  I n  t h e  c a s e  o f  r e a c t i o n s  p e r f o r m e d  a t  *f0 o r  6 0 °C  t h e  
p i p e t t e s  w e r e  p r e h e a t e d  t o  4 0  o r  60°C  r e s p e c t i v e l y  b e f o r e  s a m p l i n g ,
b )  From f a s t  r e a c t i o n s
2 m l s a m p l e s  o f  r e a c t i n g  m i x t u r e  w e r e  p i p e t t e d  i n t o  t h e  k  m l  
q u e n c h  s o l u t i o n s  and  t h e  s a m p le  w e i g h t s  w e r e  o b t a i n e d  fr o m  f u r t h e r ,  
w e i g h i n g s .  P i p e t t e s  w e r e  p r e h e a t e d  t o  t h e  r e a c t i o n  t e m p e r a t u r e  w hen  
a p p r o p r i a t e *
7 *  G p e c t r o p h o t o m e t r i c  m e a s u r e m e n t s
A l l .  s p e c t r o p h o t o m e t r i c  m e a s u r e m e n t s  w e r e  made on  a  U n icam  SP 5 0 0  
s p e c t r o p h o t o m e t e r  f i t t e d  w i t h  a  570 t y p e  c e l l - h o u s i n g  a t t a c h m e n t  
t h e r m o s t a t t e d  a t  23 ° C ,
D e p e n d in g  u pon  t h e  i n i t i a l  c o n c e n t r a t i o n  o f  m e r c u r y  s a l t  u s e d  
S p e c t r o s i l  s i l i c a  c e l l s  vd-th  p a t h - l e n g t h s  r a n g i n g  fr o m  0 , 1  t o  2 , 0  cm 
w e r e  u s e d ,  A r e f e r e n c e  s o l u t i o n  o f  r e a c t i o n  s o l v e n t  a n d  q u e n c h  
s o l u t i o n  i n  t h e  sam e p r o p o r t i o n s  a s  i n  t h e  q u e n c h e d  s a m p le  w as  u s e d  
o,nd a  s o l v e n t - f i - c e l l .  t o  s o l v e n t + c e l l  m e a s u r e m e n t  w as  made f o r  e a c h  r u n .  
M e a s u r e m e n ts  \>jere made a t  3 ° 2 .3  and 3 1 3 , 0  mp.
23^
SECTION 10
THE EVALUATION OF RESULTS
I n  t h e  e x p r e s s i o n s  i n  t h i s  s e c t i o n  a l l .  te rm s  i n v o l v i n g  c o n c e n ­
t r a t i o n s ,  volum es, a n d  d e n s i t i e s  r e f e r  t o  25°  C u n l e s s  s u p e r s c r i p t e d  by
th e  r e a c t i o n  t e m p e r a t u r e ,  T . C o n c e n t r a t i o n s  a t  r e a c t i o n  t e m p e r a t u r e s
Tw ere  o b t a i n e d  by  m u l t i p l y i n g  by  an  e x p a n s io n  f a c t o r ,  F .
1 • Q.uench s o l u t i o n ,  a c e t o n i t r i l e  an d  a c e t o n i t r i l e  s o l u t i o n  d e n s i t i . e s «
and' t h e  e x p a n s io n  f a c t o r s  
The d e n s i t i e s  o f  q u en ch  s o l u t i o n  a t  25°C  and  o f  p u r e  a c e t o n i t r i l e  
a t  2 5  and  60°C w ere  d e t e r m in e d  u s i n g  a  s p e c i f i c  g r a v i t y  b o t t l e .  The. 
d e n s i t y  o f  a c e t o n i t r i l e  clt 4 o c lC was c a l c u l a t e d  on  t h e  a s s u m p t i o n  o f  a  
l i n e a r  d e n s i t y - t e m p e r a t u r e  r e l a t i o n s h i p  b e tw e e n  25 an d  60°C , 
E x p r e s s i o n s  r e l a t i n g  d e n s i t y  and  c o n c e n t r a t i o n  o f  v a r i o u s  s p e c i e s  i n  
s o l v e n t  a c e t o n i t r i l e  w ere  d e r i v e d  f rom  t h e  w e ig h t s  o f  t h e  s o l u t i o n s ;  
p r e p a r e d  i n  c a l i b r a t e d  s t a n d a r d  f l a s k s  a t  25°C«
96% aq  m e t h a n o l i c  KI s o l u t i o n  
p u r e  a c e t o n i t r i l e  a t  25°C 
p u r e  a c e t o n i t r i l e  a t  4-0°'C 
pur.e a c e t o n i t r i l e  a t  6o°C 
e x p a n s io n  f a c t o r  f rom  25 to  ifO°C 
e x p a n s io n  f a c t o r  f rom  25 to  60°C
P
EtjjSn ( ^ 0 .1 8  M) s o l u t i o n  p
w a te r  ( ^ 2 . 2  M)> s o l u t i o n  p
P25° = 0 .7 9 6 5 g/ml. 10 .1
p25° »  0 . 7 7 6 6 g /m l 1 0 . 2
hO°
9 =- 0 .7 6 1 1 g /m l 1 0 .3
6o °
P =  0 . 7^ 0 ^ g /m l 10,4-0 
( 
0-=
h 0 . 7611 ;
~  0 .7 7 6 6 *  0 . 9800 -^ 1 0 .5
trr
j O O C 0 . 7^
0 . 7 7 6 6 = 0 .9 5 3 3 9 1 0 . 6
HgCl^ (=0 , 1 2  M)' s o l u t i o n 0 , 2 ^ 3 8 1 [HgCl2 ] + 0 .7 7 8 3  
0 .0 8 7 8 2  [E t^ S n ]  + 0 .7 7 7 6  
0 .0 0 ^ 7 7  [H^O] +■ 0.775**-
1 0 .7
10.8  
1 0 . 9
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E q u a t io n s  10*7 an d  1 0 . 8  w ere u s e d  f o r  m e r c u r i c  s a l t  and  t e t r a ­
a l k y l t i n  s o l u t i o n  d e n s i t y  d e t e r m i n a t i o n s ,  r e s p e c t i v e l y .  D i r e c t l y  
d e t e r m in e d  d e n s i t i e s  o f  some s o l u t i o n s  a r e  com pared  w i t h  c o r r e s p o n d i n g  
v a l u e s  c a l c u l a t e d  f rom  e q u a t i o n s  1 0 . 7  and  1 0 . 8  i n  ' f a b le  1 0 . 1 . 
D e n s i t i e s  o f  r e a c t i o n  m i x t u r e s  c o n t a i n i n g  t h e  i n e r t  s a l t s ,  Bu^NClO^. 
and  L iC lO ^ a r e  g iv e n  i n  T a b l e s  13*8 and  13*9j p a g e  2 3 8 ,  r e s p e c t i v e l y .
T a b le  1 0 . 1 ’
C om parison  o f  o b s e r v e d  and  c a l c u l a t e d  d e n s i t i e s  o f  r e a c t a n t  s o l u t i o n s
Compound c o n c e n t r a t i o n  
x  102 M
no o f  s o l u t i o n s
p r e p a r e d
^obs
g / m l
^ c a l c
g / m l
H gl2
P r^S n
Bu^Sn
0 . 3
1 . 8
1 . 8
7
13
15
0 . 7 7 8 0  
0 .7 7 8 ^  
0 . 7 7 8 0
0 .7 7 9 0
0 .7 7 9 2
0 .7 7 9 2
2 .  C a l c u l a t i o n  o f  i n i t i a l  c o n c e n t r a t i o n s  o f  r e a c t a n t s
a )  F o r  s l o w ^ r e a c t i o n s
i ) S o l u t i o n s  p r e p a r e d  by m ethod  1 (p a g e  230)
The c o n c e n t r a t i o n  o f  t h e  s t a n d a r d  s o l u t i o n  o f  t e t r a a l k y l t i n ,  
R^Sn, p r e p a r e d  i s  g iv e n  by  e q u a t i o n  1 0 . 1 0  and  i t s  i n i t i a l  c o n c e n t r a t i o n  
i n  t h e  r e a c t i o n  m i x tu r e  i s  g iv e n  by e q u a t i o n s  10 .11  t o  1 0 . 1 3 *
r-p , w t p u r e  R. Sn  _____________ '1000 ____________________
L k  J ' M.Wt o f  R ^ S n * c a l i b r a t e d  v o l  o f  30  Mil s t a n d a r d  f l a s k
T fv o l  o f  R. Sn s o l n  i n  r e a c t i o n  m i x t u r e !  m  'M
°o  ~ k  n * L t o t a l  volume o f  r e d a c t io n  m i x t u r e  { *
f-n 1 [v o l  o f  E .S n  s o l n  i n  r e a c t i o n  m i x t u r e !  -T.
“  LV n J* [vo l ~~of~~K^Sn s o l n  V v o l  of HgX, s o l n  j - F 1 0 *12
236
a 0T -  [R ^ S n ] .
T .
wt R^Sn s o l n
w t R,-Sn s o l n ,  
d e n s i t y  R^Sn s o l n
wt HgX^ s o l n
d e n s i t y  R^Sn s o l n  d e n s i t y  HgX^ s o l n
»FT 1 0 . 1 3
w here  a Q i s  t h e  i n i t i a l  c o n c e n t r a t i o n  o f  R^Sn a t  t h e  t e m p e r a t u r e ,  T,
T oo f  t h e  r e a c t i o n ,  and  F i s  t h e  e x p a n s io n  f a c t o r  f rom  25 0 to  t h e
r e a c t i o n  t e m p e r a t u r e .
S i m i l a r l y ,
1000■Hby 1 = wt p u re  HgX ______________
2 M.Wt o f  HgX ' c a l i b r a t e d  v o l  o f  50 ml s t a n d a r d  f l a s k
b T =  [HgX2 ] .
w t HgX^ s o l n  
d e n s i t y  HgXr  s o l n
 T ~ e~. .4. TT~.Vwt R^Sn s o l n  , + Ww.t HgX^ s o l n
,11
1 0 .1 4
1 0 .1 5
^ d e n s i ty  Ri(Sn s o l n  d e n s i t y  HgX^ s o l n
w here  b J’ i s  t h e  i n i t i a l  c o n c e n t r a t i o n  o f  HgX^ a t  t h e  t e m p e r a t u r e  o f  
r e a c t i o n .
T .
i i )  S o l u t i o n  g r e g a r e d  by  m ethod  2 (g ag e  231)
T wt p u re  R,.Sn
a  — • ,  ,  r  r  I n ' '-TV * 'Vl •
1000
o M.Wt o f  R^Sn v o l  o f  r e a c t i o n  m i x tu r e •F
T 1 0 . 1 6
•k ^ _ w t p u re  HgX^
^  t r i. _ r* t t __" \r ^ “ •  .
1000
M.Wt o f  H gX ^ 'vo l o f  r e a c t i o n  m i x tu r e ■.F
T
1 0 .1 7
The volum e o f  t h e  r e a c t i o n  m i x t u r e  was c a l c u l a t e d  on t h e  
f o l l o w i n g  b a s i s :
The r e a c t i o n  m i x tu r e  was c o n s i d e r e d  a s  b e i n g  fo rm ed  f ro m  s o l u t i o n s  
o f  RjjSn an d  HgX^ c o n t a i n i n g  e q u a l  m a sse s  o f  a c e t o n i t r i l e ,  W g ,  and  
W was c a l c u l a t e d  f rom  t h e  w e ig h in g s  a l r e a d y  m ade.
Then t h e r e  i s  f o r  t h e  R^Sn s o l u t i o n  a t  25°C,
wn g R^Sn i n  ml s o l u t i o n ,  c o n t a i n i n g  W g MeCN; M.Wt^
4
and  f o r  th e  HgX^ s o l u t i o n  a t  25 C,
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g i n  ml s o l u t i o n ,  c o n t a i n i n g  W g MeCN; M , . ¥ t a
An e x p e r i m e n t a l l y  d e t e r m in e d  r e l a t i o n s h i p  e x i s t s  b e tw e e n  th e  
d e n s i t y  o f  a  r e a c t a n t  s o l u t i o n  and  i t s  c o n c e n t r a t i o n  (p a g e  23^ )  
w h ic h  w i l l  be  r e p r e s e n t e d  a s
1 0 . 1 8
p 2 a. m^ [HgX2 ] + 1 0 .1 9
Now p,. 1 and  [R .S n ]  a  , and  s u b s t i t u t i o n  i n t o  e q u a t i o n
1 1 1
1 0 t i 8 g i v e s
w + w„ i 1 0 0 0 . 1^  I
v 1 ■ - ’ t v d  * “ •
1 0 . 2 0
whence v -  M . (¥  + w j  » IQOO.m^w.1 ~  c ,H ,  11 1
1 0 .2 1
S i m i l a r l y v  -  + wr ) -  1000Vp =- d
^ 2 2
1 0 . 2 2
The volum e o f  th e  r e a c t i o n  m i x tu r e  i s  (V^ -t ^ 2 ) .
b )  F o r  f a s t  r e a c t i o n s
The c o n c e n t r a t i o n s  o f  r e a c t a n t  s o l u t i o n s  a r e  c a l c u l a t e d  i n  t h e  
same, way a s  i n  s e c t i o n  1 0 . 2 . a . i .  To a l l o w  f o r  t h e  o n e - h u n d r e d - f o l d  
d i l u t i o n  o f  t h e  i n i t i a l l y  p r e p a r e d  s o l u t i o n s ,  h o w ev er ,  e q u a t i o n s  1 0 . 1 3  
and 1 0 . 1 3  m us t  be m u l t i p l i e d  by  e q u a t i o n s  1 0 . 2 3  an d  1 0 . 2 5 * r e s p e c t i v e l y :
wt o f  c o n c e n t r a t e d  R^Sn s o l n  t a k e n  
t o t a l  wt o f  c o n c e n t r a t e d  R^Sn s o l n 10.23
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w t o f  c o n c e n t r a t e d  HgX^ s o l n  t a k e n
toteJL wt o f  c o n c e n t r a t e d  HgX s o l n  *
3* I n t e r p r e t a t i o n  o f  U.V, a b s o r b a n c e  m e a su re m e n ts
a.) The r e l a t i o n s h i p  b e tw e e n  a b s o r b a n c e  and  c o n c e n t r a t i o n  f o r
s lo w  r e a c t i o n s
F o r  a  sam p le  q u en ch e d  a t  t i m e ,  t  m in ,  from  th e  s t a r t  o f  t h e  
r e a c t i o n  t h e  c o n c e n t r a t i o n  o f  m e r c u r i c  s a l t  ( i n  m o l e /1 ) i n  t h e  
r e a c t i o n  m i x tu r e  i s  g i v e n  by  e q u a t i o n s  1 0 . 2 3 * 1 0 . 2 6  and. 1 0 . 2 7 .
[HgX ]  =- CALIBRATION TERM x  DILUTION TEEM x  EXPANSION TERM 1 0 . 2 5
A.
[ H g X j® -  3 0 2 .5
0 0280  ~ s amb>le + w t o f  q u e n c h  s o l n
2 3 0 2 .5  ^ 8 9 0 . 1 7  x  1
sam p le  d e n s i t y  ~ q u en ch  s o l n  d e n s i t y  
wt o f  samp3.e 
sam p le  d e n s i t y
T•F
A,  ^ n - 0 .0 2 5 5  1 0 . 2 6
[ H g X , ] ; <c. „ = . - 2 2 2 4 2 --------------  X DILOTION TEEM x  EXPANSION TEEM 1 0 .2 7
2 3 1 5 * °  10109.63  x  1
w here A___ _ and  A_„_ _ a r e  t h e  a b s o r b a n c e s  o f  t h e  q u en ch e d  sa m p le  a.U3 0 2 . 5  315*0  ^
302*5  and  315»0  mp r e s p e c t i v e l y ,  and  1 i s  t h e  c e l l  p a t h  l e n g t h .
i )  D e t e r m i n a t i o n  o f  t h e  c a l i b r a t i o n  te rm s
61 s i m u l a t e d  q u en ch e d  s a m p le s  o f  r e a c t i o n  m i x t u r e  c o r r e s p o n d i n g  
t o  f rom  0 t o  100?'’ r e a c t i o n  w ere  f a b r i c a t e d  by  m ix in g  s u i t a b l e  (w e ig h e d )
-Avolum es o f  s t a n d a r d  s o l u t i o n s  o f  t e t r a e t h y l t i n  ( 1 . 8  x  10 M),
t r i e t h y l t i n  c h l o r i d e ,  e t h y l m e r c u r i c  c h l o r i d e  and  m e r c u r i c  c h l o r i d e  
-Jf
( a l l  1 . 2  x  10 M) i n  a  s o l v e n t  o f  1 p a r t  (by  vo lum e) a c e t o n i t r i l e
and  100 p a r t s  96% aq  m e t h a n o l i c  p o t a s s iu m  i o d i d e  ( 2 . 5  x  10~^ M ),
U sing  th e  same s o l v e n t  a s  a  r e f e r e n c e  s o l u t i o n ,  a b s o r b a n c e  m e a s u re m e n ts
w ere made a t  3 0 2 .5  (X^ ^ 3  ) and  a t  315*0 mp u s i n g  1 cm c e l l s .  Amax
p ilo t  o f  m e r c u r i c  c h l o r i d e  c o n c e n t r a t i o n  ( a b s c i s s a )  a g a i n s t  a b s o r b a n c e
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( o r d i n a t e )  r e v e a l e d  t h a t  50  p o i n t s  l a y  v e r y  n e a r l y  on a  s t r a i g h t  l i n e ,  
s e e  f i g u r e  1 0 . 1 , w h i l e  t h e  o t h e r  11 p o i n t s  w ere w e l l  rem oved  f rom  t h i s  
l i n e .  The c a u s e  o f  t h e s e  s t r a y  p o i n t s  was t r a c e d  t o  a  m a l f u n c t i o n i n g  
s w i t c h  on t h e  s p e c t r o p h o t o m e t e r .
U s in g  t h e  m e thod  o f  l e a s t  s q u a r e s  (167 )  t h e  r e l a t i o n s h i p s  1 0 .2 8  
and  1 0 .2 9  w ere d e r iv e d *
A -  0 . 0 2 8 0
[ HgCl ] _ »  - 2H£22 ------------------ m o l e /1  1 0 . 2 8
2 3 0 2 . 5  1 1 8 9 0 .1 7
A -  0 . 0 2 3 5
[ HgCl V =  - I U 1B  ---------  m o l e / l  1 0 .2 9
2 ^ I^ .U  10 1 0 9 ,6 3
M easu rem e n ts  on f i v e  s i m u l a t e d  q u en ch e d  s a m p le s  o f  r e a c t i o n  
m i x tu r e  w i t h  m e r c u r i c  c h l o r i d e  c o n c e n t r a t i o n s  i n  t h e  ra.nge 0 . 6  x  10 
t o  0 . 6  x  10 M showed t h a t  t h e s e  c a l i b r a t i o n s  w ere  s t i l l  v a l i d .
M easu rem en ts  on t e n  s i m u l a t e d  q u e n c h e d  s a m p le s  o f  r e a c t i o n
- 4
m i x tu r e  w i t h  m e r c u r i c  c h l o r i d e  c o n c e n t r a t i o n s  o f  0 . 2  x  10 and  
0.*f x  10 M and  w i t h  t e t r a e t h y l t i n  c o n c e n t r a t i o n s  b e tw e e n  0 . 9  x  10 
and  1 .8  x  10 J  M showed t h a t  t h e s e  c a l i b r a t i o n s  c o n t i n u e d  t o  h o ld  
g o o d .  S in c e  t h e  t e t r a e t h y l t i n  d id  n o t  a b s o r b  i n  t h e  r e g i o n  u s e d  f o r  
a b s o r b a n c e  m e a su re m e n ts  t h e  m o la r  e x t i n c t i o n  c o e f f i c i e n t  o f  H g l ^ ~ ^  
a t  3 0 2 . 5  mp was c a l c u l a t e d  a s  1233^ from  t h e  p o i n t  on t h e  c a l i b r a t i o n ,  
g r a p h  c o r r e s p o n d i n g  to  0% r e a c t i o n ,  and  t h e  o r i g i n .
b ) The r e l a t i o n s h i p  b e tw e e n  a b s o r b a n c e  and  HgX^ c o n c e n t r a t i o n  f o r
f a s t  r e a c t i o n s
F o r  a  s am p le  q u en ch e d  a t  t i m e ,  t  m in ,  from  t h e  s t a r t  o f  t h e  
r e a c t i o n  t h e  c o n c e n t r a t i o n  o f  m e r c u r i c  c h l o r i d e  ( i n  m o l e /1 ) i n  t h e  
r e a c t i o n  m i x tu r e  i s  g iv e n  by e q u a t i o n s  1 0 . 3 0  and  1 0 . 3 1 .
A
bs
or
ba
nc
e
2k0
0 .8
0 . 7
rr
TV'
0 . 6
0 . 5 7T
0 . 1
0 . 0
60 21 ■3 5
[H g C ^ ]  x  10^ m o le  1  ^
F i g u r e  1 0 . 1 .  Graph f o r  t h e  d e t e r m i n a t i o n  o f  t h e  c a l i b r a t i o n  t e r m s  f o r
s l o w  r e a c t i o n s .
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A -  0 , 0 0 6 0
[HgX ] _ 2 H £ 0 _ . ---------------  x  DILUTION TERM x  EXPANSION TERM 1 0 .3 0
2 3 0 2 .3  12633 .^ 3  x  1
r i A315 0  "  ° * 00 ^8[ HgX J n = ~2 J2L*Jd------------------- x  DILUTION TERM x  EXPANSION TERM 10 .31
1 0 6 6 8 .1 3  x 1
i )  D e t e r m i n a t i o n  o f  t h e  c a l i b r a t i o n  te rm s
U sin g  2 cm c e l l s ,  a b s o r b a n c e  m e a su re m e n ts  w ere  made on 23 
s o l u t i o n s  o f  m e r c u r i c  c h l o r i d e  a l o n e ,  r a n g i n g  i n  c o n c e n t r a t i o n  b e tw e e n
mmlf.
z e r o  and  0 . 3  x  10 M i n  a  s o l v e n t  o f  1 p a r t  (by  v o lu m e)  a c e t o n i t r i l e
•*3and 2 p a r t s  96% aq  m e th a n o l i c  p o t a s s iu m  i o d i d e  (3*73  x  10 M),
and v e r i f i e d  t h a t  t h e  s y s te m  o beyed  B e e r* s  la w  ( 1 6 8 ) ,  s e e  f i g u r e  1 0 . 2 .  
U s in g  t h e  m ethod  o f  l e a s t  s q u a r e s  ( 1 6 7 ) t h e  r e l a t i o n s h i p s  1 0 .3 2  and  
1 0 .3 3  w ere d e r i v e d  f o r  t h e  q u en ch e d  s o l u t i o n s  o f  HgCl_ a l o n e .cL
A + 0,001^5
[HgCl ] =;  :- m ole/1 -  1 0 .3 2 *
2 3 0 2 .3  1 2 8 0 4 .3 0 8  x  2
A + 0 .0 0 1 2 2
f e C l J _ . _  =  m ole A  1 0 .3 3
2  3 1 3 . 0  1 0 7 8 8 .1 5 6  x  2
A b so rb a n c e  m e a su re m e n ts  w ere  t h e n  made on q u en ch e d  s a m p le s  o f  a
* ~2‘c o m p le t e ly  r e a c t e d  m i x t u r e  o f  m e r c u r i c  c h l o r i d e  ( 0 .7 5  x  10 ' M) and
—2t e t r a m e t h y l t i n  (1 .1 2 5  x  10 M) i n  a c e t o n i t r i l e  s o l v e n t .  T h ese
*-2a b s o r b a n c e  v a l u e s  when m u l t i p l i e d  by  10 r e p r e s e n t e d  t h e  i n t e r c e p t  
o f  t h e  c a l i b r a t i o n  c u rv e  p a s s i n g  th r o u g h  t h e  HgCI^ a b s o r b a n c e  v a l u e  
c a l c u l a t e d  ( u s i n g  e q u a t i o n s  1 0 .3 2  and  1 0 .3 3 )  f o r  0 . 2 5  x  1 0 ^  M HgCl^,. 
The c o o r d i n a t e s  o f  two p o i n t s  on a  s t r a i g h t  l i n e  g r a p h  w ere  t h u s  
known and  th e  c a l i b r a t i o n  te rm s  1 0 .3 4  and  1 0 . 3 5  f o r  s a m p le s  o f  
q u en ch e d  r e a c t i o n  m i x tu r e  w ere  d e r i v e d .
* T h i s  g i v e s  a  v a l u e  o f  12800 f o r
3 0 2 .5
0 1 2 3
[HgCl^] x 105 mole 1 ^
F i g u r e  10 .2*  G raph f o r  t h e  d e t e r m i n a t i o n  o f  t h e  c a l i b r a t i o n  te rm s  f o r
f a s t  r e a c t i o n s .
2^3
[HgCl^ ]302>5
[ % c i 2
A302. c -  0 , 0 0 6 0   ----------------- m o l e / l
12635.^3 x 1 
A -  0.00^-S
- 225*2----------------mole/1
1 0 6 6 8 .1 3  X 1
10.3**
1 0 .3 3
**• The r a t e  e x p r e s s i o n
The r e a c t i o n  b e tw e e n  t e t r a a l k y l t i n s  and  m e r c u r i c  c h l o r i d e  ( o r  
m e r c u r i c  a c e t a t e )  h a s  b e e n  assum ed to  be r e p r e s e n t e d  by e q u a t i o n  1 0 . 3 6 .
kIfySn +. HgX2  —~ 2 - »  H^SnX + RHgX 1 0 . 3 6
a  - x  b - x  o o X
w here  x  i s  t h e  c o n c e n t r a t i o n  o f  e a c h  p r o d u c t  fo rm ed  by t im e  t ,  and
Q:i s  t h e  s e c o n d  o r d e r  r a t e  c o n s t a n t  f o r  r e a c t i o n  a t  t e m p e r a t u r e ,  T G. 
The r a t e  i s  t h u s  e x p r e s s e d  by
r a t e  -  k 2 feitSn][HgX2 3 1 0 .3 7
o r dxd t k  ( a  -  x ) ( b  -  x ) ,  2 o o 1 0 . 3 8
w h ich  upon  i n t e g r a t i o n  becom es ( 1 2 0 )
k 2 t  = ■•In
ib ( a  — x )  0 o
( a  -  b ) a, (b — x )  o o 0 0
1 0 .3 9
I t  i s  s e e n  from  e q u a t i o n  1 0 . 3 6  t h a t  (b  -  x )  i s  t h e  c o n c e n t r a t i o n  
o f  HgX2 a t  t i m e ,  t ,  w h ich  i s  e v a l u a t e d  u s i n g  e q u a t i o n s  1 0 . 2 6  and  1 0 . 2 7  
o r  1 0 .3 0  and 1 0 . 3 1 * ( a Q ~ x )  i s  o b t a i n e d  from  e q u a t i o n  1 0 .^-0 .
( a  -  x) = a  — b + (b -  x )  o 0 0 0 10.^0
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b e i n g  e v a l u a t e d  u s i n g  e q u a t i o n  1 0 , 1 3  on 1 0 «1 6 , an d  
b Q b e i n g  e v a l u a t e d  u s i n g  e q u a t i o n  1 0 , 1 5  o r  1 0 , 1 7 .
Com puter p ro g ra m s  (PROGRAMS 1 and  2 ,  p a g e s  325 and  329) w ere  
w r i t t e n  t o  p r o c e s s  b a s i c  d a t a  ( s e e  p ag e  327) t o  e v a l u a t e  and  p3.ot 
w i t h  r e s p e c t  t o  t ,  v a l u e s  o f  k ^ t t and  t h e  b e s t  s t r a i g h t  l i n e  was 
a s s e s s e d  by  e y e .
The r e a c t i o n  b e tw e e n  t e t r a a l k y l t i n s  and  m e r c u r i c  i o d i d e  i n  
s o l v e n t  a c e t o n i t r i l e  h a s  b e e n  assum ed  to  be
R^Sn + H g l2 — 2 - *  R ^S n l + RHgl 1 0 .41
a o - x  b Q- x - y  x~y x
R_SnI + HgX^ ~ = &  R S n ^ ^  + H g l , ^  1 0 .4 2
3 2 ' 5 3
x~y b -x ~ y  y y
( + ) ( )w here  y i s  t h e  c o n c e n t r a t i o n  o f  t h e  p r o d u c t  (R^Sn H gl^  ) fo rm ed  
by t i m e , t •
The r a t e  i s  now e x p r e s s e d  by e q u a t i o n  1 0 .4 3 .
i f  = k 2 ( a .  -  x ) ( b 0 -  x  -  y> 1 0 -^ 3
Use was made o f  a  p u b l i s h e d  (3 3 )  co m p u te r  p ro g ram  t o  e v a l u a t e  k 2 
from  t h e  i n t e g r a t e d  fo rm  o f  e q u a t i o n  1 0 .4 3  and. t h e  s l i g h t l y  m o d i f i e d  
v e r s i o n  o f  t h i s  p ro g ram  u s e d  i n  t h i s  w ork h a s  b e e n  l i s t e d  on p a g e  3 3 4 .
SECTION 11
PRODUCT ANALYSIS
1• S e m i - q u a n t i t a t i v e ,  i s o l a t i o n  o f  RHgCl
The r e a c t i o n  m i x tu r e  o f  a  c o m p le te d  r e a c t i o n  was e v a p o r a t e d  down 
u n d e r  r e d u c e d  p r e s s u r e  a t  b e tw e e n  40 and  50°C  u n t i l  a  n o n - v o l a t i l e  
r e s i d u e  r e m a in e d .  U s in g  d i e t h y l  e t h e r  (5  m l)  t h i s  r e s i d u e  was t r a n s ­
f e r r e d  t o  a  w e ig h e d  f i l t e r - d e v i c e  ( 1 6 9 ) .  The e t h e r e a l  s u s p e n s i o n  was 
h e a t e d  to  b o i l i n g  u n t i l ,  no more m a t e r i a l  w ou ld  d i s s o l v e  an d  w as t h e n  
r a p i d l y  c o o le d  i n  a  m e t h a n o l / D r i k o l d  m i x t u r e .  The e t h e r e a l  s o l u t i o n ,  
c o n t a i n i n g  t h e  t r i a l k y l t i n  c h l o r i d e  was r a p i d l y  b low n t h r o u g h  t h e  
s i n t e r e d  g l a s s  f i l t e r  i n t o  a  sam p le  tu b e  and  t h e  r e m a in in g  a l k y l -  
m e r c u r i c  c h l o r i d e  was r e t r e a t e d  w i t h  f u r t h e r ,  d i e t h y l  e t h e r  (5  m l ) .
T h i s  s e c o n d  e t h e r e a l  s o l u t i o n  was d i s c a r d e d  and  t h e  l a s t  t r a c e s  o f  
e t h e r  w ere  rem oved from  t h e  a l k y l m e r c u r i c  c h l o r i d e  by  w arm ing  i n  a  
s t r e a m  o f  n i t r o g e n  w h i l e  s t i l l  i n  t h e  f i l t e r  d e v i c e ,  u n t i l  t h e  l a t t e r  
r e a c h e d  c o n s t a n t  w e i g h t .  The y i e l d  o f  t h e  a l k y l m e r c u r i c  c h l o r i d e  
r e c o v e r e d  was e x p r e s s e d  a s  a  p e r c e n t a g e  o f  t h e  m e r c u r i c  c h l o r i d e  u s e d ,  
a d j u s t m e n t s  b e i n g  made f o r  t h e  volum e o f  s a m p le s  w i th d r a w n .
The m e l t i n g  p o i n t  and  w here  p o s s i b l e  t h e  m ixed  m e l t i n g  p o i n t  o f  
t h e  p r o d u c t  was o b t a i n e d .
2 .  G r a v i m e t r i c  e s t i m a t i o n  o f  RHgCl a s  RHgl
The r e a c t i o n  m i x tu r e  o f  a  c o m p le te d  r e a c t i o n  was p o u r e d  i n t o  a  
s o l u t i o n  o f  p o t a s s iu m  i o d i d e  ( c o n t a i n i n g  ICI e q u i v a l e n t  t o  t h e  RHgl 
e x p e c t e d )  i n  i c e d  w a te r  (400  m l ) ,  A. p e a r l y  w h i t e  s u s p e n s i o n  o f  
a l k y l m e r c u r i c  i o d i d e  was fo rm ed  w h ich  p a r t i a l l y  c o a g u l a t e d  t o  a
g r e a s y  s o l i d  on  s t a n d i n g .
T h i s  s u s p e n s i o n  w as  f i l t e r e d  o f f  w i t h  d i f f i c u l t y  on  a  w e ig h e d  
s i n t e r e d  g l a s s  c r u c i b l e  and was d r i e d  t o  c o n s t a n t  w e i g h t  i n  a  vacuum  
d e s i c c a t o r .  The y i e l d  was e x p r e s s e d  w i t h  r e s p e c t  t o  t h e  m e r c u r i c  
c h l o r i d e  u s e d  i n  t h e  r e a c t i o n  m i x t u r e .
The p r o d u c t  w as r e c r y s t a l l i s e d  fr o m  m e t h a n o l  u s i n g  a  f i l t e r  
d e v i c e  an d  c r y s t a l l i s i n g  b o t t l e  ( 1 6 9 ) b e f o r e  t h e  m e l t i n g  p o i n t  w as  
t a k e n ,
3 .  Q u a l i t a t i v e  t h i n  l a y e r  c h r o m a to g r a p h y  ( T . L . C . )
A n a l y s i s  o f  r e a c t i o n  m i x t u r e s  an d  c o n c e n t r a t e s  o f  r e a c t i o n  
m i x t u r e s  w as  c a r r i e d  o u t  b y  t h e  m e th o d  o f  B u r g e r  ( 1 7 0 ) ,  G l a s s  p l a t e s  
w i t h  a  t h i n  l a y e r  ( 0 , 2 5  mm) o f  s i l i c a  g e l  w e r e  o v e n  d r i e d  a t  1 2 0 °C  
and c o o l e d  and  s t o r e d  i n  a  d e s i c c a t o r .  The p l a t e s  w e r e  s p o t t e d  w i t h  
10 o r  15 H i  s a m p l e s  a n d  w e r e  p l a c e d  on  s u p p o r t s  i n  a  t a n k  c o n t a i n i n g  
d e v e l o p i n g  s o l u t i o n  f o r  1-J t o  2 h o u r s  b e f o r e  b e i n g  p l a c e d  i n  t h e  
s o l u t i o n  and  d e v e l o p i n g  f o r  3  t o  ^ h o u r s .  The d e v e l o p i n g  s o l u t i o n  
was a . m i x t u r e  o f  i s o - p r o p a n o l  (2  v o l )  an d  a  b u f f e r e d  am m onia s o l u t i o n  
(1 v o l ) ,  t h e  l a t t e r  c o m p r i s i n g  10% ammonium c a r b o n a t e  s o l u t i o n  (250  m l ) ,  
c o n c e n t r a t e d  ammonia ( 4 5  m l )  and  d i s t i l l e d  w a t e r  (80  m l ) .
Upon r e m o v a l  o f  t h e  p l a t e s  t h e  s o l v e n t  f r o n t  was m arked  a n d  t h e  
p l a t e s  w e r e  a i r  d r i e d .  T h ey  w e r e  p l a c e d  u n d e r  a  U .V . la m p  f o r  2 0  m in  
and w e r e  t h e n  s p r a y e d . w i t h  an  0 , 5% s o l u t i o n  o f  d i t h i z o n e  i n  c h l o r o f o r m .  
The p l a t e s  w e r e  f i n a l l y  d r i e d  i n  a n  o v e n  a t  1 1 0 °C  f o r  10  m i n .  The  
d i s t a n c e  m oved  b y  e a c h  s p o t  w as m e a s u r e d  and  t h e  R^ , v a l u e s  w e r e  
c a l c u l a t e d  fr o m  e q u a t i o n  1 1 , 1 ,
g  _ d i s t a n c e  m oved  b y  s p o t   ^
f  ~~ d i s t a n c e  m oved b y  s o l v e n t  f r o n t  *
Q u a l i t a t i v e  g a s - l i q u i d  c h ro m a to g ra p h y  ( G .L .C .)
R e a c t i o n  m i x t u r e s  w ere o c c a s i o n a l l y  a n a l y s e d  by  g a s - l i q u i d  
c h ro m a to g ra p h y  u s i n g  a  Pye A rgon c h ro m a to g ra p h  i n c o r p o r a t i n g  a  @~ray 
i o n i s a t i o n  d e t e c t o r ,  A 4 f t  by 4 mm ( i . d . )  s t a n d a r d  g l a s s  colum n was 
u s e d .  The colum n p a c k i n g  was i n  t h r e e  p a r t s ,  t h e s e  b e i n g  a  s h o r t  
(1 i n )  f o r e c o lu m n ,  a  l e n g t h  (*-2 f t )  o f  a c id - w a s h e d  g l a s s  b a l l o t i n i  
( o f  d i a m e te r  0 . 7 5  t o  0 , 9  mm) and  a  l e n g t h  (~2  f t )  o f  a c id - w a s h e d  
c e l i t e  (80  t o  100 m esh) w i t h  a  10% l o a d i n g  o f  s i l i c o n e  o i l  a s  t h e  
s t a t i o n a r y  p h a s e .
O p e r a t i n g  c o n d i t i o n s  u s e d  w ere  a s  f o l l o w s :
colum n t e m p e r a t u r e 90 -  120°C
a rg o n  f l o w - r a t e 65 m l /m in
d e t e c t o r  v o l t a g e 1500 v
sam p le  s i z e 0 ,1  p i .
SECTION 12
CALCULATION OF THE ACTIVATION PARAMETERS
J
1 • F r e e  e n e rg y  o f  a c t i v a t i o n  (AG )
The f r e e  e n e r g y  o f  a c t i v a t i o n  f o r  a  r e a c t i o n  a t  t e m p e r a t u r e ,  T^, 
i s  o b t a i n e d  f rom  e q u a t i o n  12 .1  ( 1 7 1 ) ,
. T . - i  RT-. „k ? a  — • -— . e  2. 12 .1
h
Tw here  k ^  i  i s  t h e  s e c o n d  o r d e r  r a t e  c o n s t a n t  f o r  t h e  r e a c t i o n  a t  t h e
t e m p e r a t u r e ,  T ^ ,
T^ i s  t h e  t e m p e r a t u r e  i n  d e g r e e s  a b s o l u t e  [ a b s o l u t e  z e r o  was
t a k e n  a s  -2 7 3 .1 3 ° 'C  ( 1 7 2 ) ] ,
k  i s  B o l tz m a n n ’s  c o n s t a n t  El • 3 ^ 0 5 3 -X 10  ^ e r g  d eg   ^ ( 1 7 2 ) ] ,
h i s  P l a n c k ’ s c o n s t a n t  [6 .6 2 4  x  10**^^ e r g  s e c  (1 7 3 )  ]»
Pv i s  th e  u n i v e r s a l  g a s  c o n s t a n t  D t.9872 c a l  d eg ’^ m o le " ’  ^ ( 1 7 2 ) ] ,
and  l o g  10 was t a k e n  a s  2 . 3 0 2 6 .
J
AGr was c a l c u l a t e d  from  e q u a t i o n  1 2 . 2 .
J  T
AGF  = RT. . I n  — ~  -  RT. . I n  k 0 i  1 2 . 21 , x  2h
j.
E n t h a lp y  o f  a c t i v a t i o n  (AH )
The e n t h a l p y  o f  a c t i v a t i o n  was c a l c u l a t e d  from  e q u a t i o n  1 2 .3  (1 '71) •
AH^ = S -  RT. 1 2 . 3a  1 ^
w here  E^ i s  th e  A r r h e n iu s  a c t i v a t i o n  e n e r g y  and  i s  g iv e n  by
equation 12.4 (171), and T^ has been taken as 298.15°K*
R T .T . k 0Tj
Ef t -  a j - . m - L i  1 2 .4
(T .  -  T . )  k  “ ij  x 2
3* E n t r o p y  o f  a c t i v a t i o n  (AS^)
The e n t r o p y  o f  a c t i v a t i o n  i s  o b t a i n e d  from  e q u a t i o n  1 2 .5  (171')»
A s f
. T. -  i  R RT. . .  _k„ i  -   . e  . e  a  1 2 . 5
2 h
A
AS was c a l c u l a t e d  from  e q u a t i o n  1 2 . 6 .
^  T AEr —'^ iAS sr R . l n  k  i  + ~ ~  -  R . l n  — -  1 2 . 6
^ i  h
^h e  c a l c u l a t i o n  o f  e r r o r s  i n  a c t i v a t i o n  p a r a m e t e r s  
The s t a n d a r d  e r r o r  o f  a  g e n e r a l  a c t i v a t i o n  p a r a m e t e r ,  AX^, can  
be e x p r e s s e d  i n  t h e  fo rm  o f  e q u a t i o n  1 2 .7  ( 1 7 4 ) ,
° ( a x 6  = f (A x ^  1 2 *7
J
v;here f  (AX ). i s  d e p e n d e n t  upon t h e  e x p e r i m e n t a l  t e m p e r a t u r e  and  upon
th e  n a t u r e  o f  A5C, and  or i s  t h e  s q u a r e  r o o t  o f  t h e  v a r i a n c e ,  V, o f  
TI n  k ^  i  and  i s  g i v e n  by e q u a t i o n  1 2 . 8
T 2I (Cm/ k 2  m)
tr2 =. v =- — -------------  1 2 .8
n
Tw here  k^  m i s  t h e  r a t e  c o n s t a n t  a t  t e m p e r a t u r e  T , and  cr^ i s  i t s  
s t a n d a r d  e r r o r ,  and n i s  th e  number o f  d i f f e r e n t  t e m p e r a t u r e s  a t  
w h ich  r a t e  c o n s t a n t s  have  b e e n  o b t a i n e d .
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The sam e s t a t i s t i c a l  w e i g h t s  a r e  a s s u m e d  f o r  e a c h  r a t e  c o n s t a n t ,  
The s t a n d a r d  e r r o r s  o f  t h e  a c t i v a t i o n  p a r a m e t e r s  c o n s i d e r e d  a r e  
t h u s  g i v e n  b y  e q u a t i o n s  1 2 . 9 j  1 2 . 1 0  an d  1 2 . 1 1 .
°"(ag6
ET.cr.
OTi° -  = r * r  
2 1
^(A S ^)
°(A E ^ )
crCAE^)
T.1
RT.T .
 i _ l
(T . -  T . )
0 i
■;o* = .
RT.T . 
 L JL
o r .i cr.
( T .  -  T . )  
3 **-
1 2 . 9
1 2 . 1 0
1 2 .1 1
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SECTION 13
KINETIC STUDY OF TEE REACTION BETWEEN TETRAETHY LTIN AND MERCURIC 
CHLORIDE IN SOLVENT ACETONITRILE
E x c e p t  when o t h e r w i s e  s t a t e d ,  k i n e t i c  r u n s  i n  t h i s  s e c t i o n  w ere  
c a r r i e d  o u t  i n  t h e  m anner d e s c r i b e d  i n  s e c t i o n  9 (p a g e  2.3 0 ) f o r  a  
s lo w  r e a c t i o n ,  r e a c t a n t  s o l u t i o n s  b e i n g  p r e p a r e d  by m ethod  1 (p ag e  
2 3 0 ) ;  s p e c t r o p h o t o m e t r i c  m e a su re m e n ts  w ere  made u s i n g  1 cm c e l l s *
1• The p r e l i m i n a r y  e x p e r im e n t
_ p
The r e a c t i o n  b e tw e e n  t e t r a e t h y l t i n  (1*25  x  10 M) and  m e r c u r i c  
_2
c h l o r i d e  (1*00 x  10 M) was f o l l o w e d  by  s p e c t r o p h o t o m e t r i c  m e a s u r e ­
m e n ts  a t  301*5  and  315*0  mp. The r e s u l t s  w ere  i n t e r p r e t e d  a s  d e s c r i b e d  
i n  s e c t i o n  10 (p ag e  23*0  e x c e p t  t h a t  t h e  c a l i b r a t i o n  te rm s  13*1 and  
13*2  ( 3 3 ) w ere u s e d .
A m  q -  0 .0 ^ 6
[HgCl ] = ---------------  m o le /1  1 3 .1
2  301.5 1 1 9 6 1 . 6
A -  0 .0 3 6
[HgCl l =-----------o---------------  m o le /1  1 3 .2
2 3 1 5 .0  1012^ .0
The p l o t s  o f  k ^ t  a g a i n s t  t  r e s u l t e d  i n  good s t r a i g h t  l i n e s  o f  s l o p e s  
1*157  1 mole ^min  ^ a t  301*5  mp and 1 *1^7 1 m ole~^m in   ^ a t  315*0  mp. 
The r e a c t i o n  was f o l l o w e d  to  80/o c o m p le t i o n .
2 .  R a te  c o n s t a n t s  o f  th e  r e a c t i o n  b e tw e e n  v a r i o u s  c o n c e n t r a t i o n s  o f
r e a c t a n t s  a t  25 °0
The r e s u l t s  a r e  g iv e n  i n  T a b le s  13*1 and  13*2
T a b le  13 .1
R a te  c o n s t a n t s  o f  t h e  r e a c t i o n  b e tw e e n  m e r c u r i c  c h l o r i d e  (b )  and  
v a r i o u s  c o n c e n t r a t i o n s  o f  t e t r a e t h y l t i n  ( a )  a t  25° C
Run a  x  10~2 M o b x 10~2 M 0
-T  -11 m ole min mean k.^
3 0 . 9 0 1 2 0 . 613 -^ 1 . 160
7 O. 9065 0 . 6 0 2 2 1 . 1 1 2
1 .1 3 6
1 2 .^ 0 9 ^ O. 6 0 6 3 1 . 0^5
9 2.^f051 0 .5 9 9 5 1 .0 3 5
10 2 .^ 112 o.6o*fO 1 .0 3 3
11 2 .^ 1 0 3 0 . 6 0 2 8 11,052
1.04-1
2 ^.8151 0 .6031 1 .0 5 9
1 .0 5 9
b 7 .2 2 9 5 0 . 6 0 1 5 1 .0 3 5
8 7 .2 2 5 9 0 .. 6027 1 .0 3 5
1 .0 3 5
6 9 .6 3 2 2 0 . 6 0 3 5 1 .1 5 ^
12 9 .6 2 7 9 0 . 6 0 3 9 1 .1 5 0
1 .1 5 2
3 .  R a te c o n s t a n t s  o f t h e  r e a c t i o n  a t 2 5 ,  ^0 and  60°C
R e a c t a n t  s o l u t i o n s  f o r  k i n e t i c  r u n s  a t  ^fO°C w ere  p r e p a r e d  by 
m ethod  2 (p a g e  2 3 1 ) .
The r e s u l t s  a r e  g iv e n  i n  T a b le s  13*3j 13*^ a n ^ 13*5•
Table 1 3,2.
Rate constants of the reaction between tetraethyltin (a) and various
c o n c e n t r a t i o n s  o f  m e r c u r i c  c h l o r i d e  (b )  a t  25°0
Run a  x  10~2 M 0 b x  10~2 M 0
-1  -1k ^  3- m ole  man
18 6 .7 6 9 2 0 . 1 5 2 6 1 ,0 6 9
19 6 .7 8 2 2 0 . 1 5 0 8 1 . 0 6 2
17 6 .7 8 0 4 0 .3 0 1 9 1 .2 3 0
l 4 a 6 .7 7 0 2 1 .5 0 6 2 1 .2 P 7
15 6 .7 7 6 9 3 .0151 1 . 2 2 0
l 6a 6 .7 7 3 9 4 .5 2 3 9 1 .3 7 7
a  0 . 1 cm c e l l s  u s e d  f o r a b s o r b a n c e  m e a su re m e n ts .
4 .  The a c t i v a t i o n  p a r a m e t e r s
The v a l u e s  a r e  g iv e n  i n  T a b le  13*6*
5* The p r o d u c t  a n a l y s e s
Two s e m i - q u a n t i t a t i v e  i s o l a t i o n s  o f  e t h y l m e r c u r i e  c h l o r i d e  ( s e e  
s e c t i o n  1 1 .1 ,  p age  245) r e s u l t e d  i n  8 3 . 3  a *id 8 5 ,  2$ y i e l d s .  I n  t h e  
l a t t e r  c a s e  t h e  p r o d u c t  had a  m e l t i n g  p o i n t  o f  188°C and  g av e  a  m ixed  
m e l t i n g  p o i n t  o f  188°C [ l i t  190 -1 9 3  (175)  -I*
S even  g r a v i m e t r i c  e s t i m a t i o n s  o f  EtHgCl a s  B tH gl ( s e e  s e c t i o n  
1 1 . 2 , p ag e  245) r e s u l t e d  i n  y i e l d s  o f  8 4 . 3» 8 6 . 3 , 8 3 . 2 , 8 8 . 4 ,  8 6 . 0 , 
9 2 .4  and  93.2?S.
T .L .C .  ( s e e  s e c t i o n  11.3> Pa ge 246) on r e a c t i o n  m i x t u r e s  show ed 
o n ly  one s p o t  w h ich  was i d e n t i f i e d  a s  e t h y l m e r c u r i c  c h l o r i d e  by 
c o m p a r is o n  w i t h  an  a u t h e n t i c  s a m p le .  A n a l y s i s  o f  an  e t h e r e a l  
c o n c e n t r a t e  o f  a  r e a c t i o n  m i x tu r e  f o l l o w i n g  th e  s e m i - q u a n t i t a t i v e
Table 13.3
Rate constants of the reaction between tetraethyltin (a) and mercuric
c h l o r i d e  ( b )  a t  25°C . — 1 . 1 2 0 , o' = 0 . 0 3 3  1 mole 1 . -1m m
Run a  x 1 0 -5  M b x  10“3 M k 0 1 m ole  \ n i n  10 0 2
3 9 .0 1 2 6 . 0 3 k 1 . 1 6 0
7 9 .0 6 5 6 . 0 2 2 1 . 1 1 2
20 9 .0 5 9 6 .0 3 5 1 . 0 9 8
21 9 . 0 1 8 6 .0 3 5 1 .0 7 7
26a 9 .0 7 2 6 .0 3 1 1 .1 6 4
27a 9 .0 4 4 6 . 0 5 0 1.154-
30b 9 .0 5 7 6*025 1 . 1 0 3
31b 9*042 6 .0 2 7 1 .1 1 9
32b 9 . Ok? 6 .0 1 9 1 . 1 1 8
33b 9 .0 0 9 6 . 0 2 8 1 ,051
34b 9 .0 5 3 6.04-5 1 .0 7 7
35b 8 .9 9 2 6.04-7 1 .0 7 7
36b 9 .0 7 3 6.04-9 1 . 1 2 2
37b 9 .01  k 6.04-5 1 .1 1 1
42b 9 .0 8 5 6 .0 2 5 1 . 1 2 2
68b 9 .0 7 3 6 . 0 2 2 1 .1 5 8
70b 9 .0 3 3 6 .0 2 7 1 , 1 6 2
73b 9 .0 2 5 6 .0 0 9 1 . 1 1 2
73b 9.04-5 6 .0 2 4 1 .1 4 3
194- 9 . 0 1 8 6 .0 1 3 1 .1 6 9
202 9 . 0 1 8 6 . 0 0 3 1 .1 0 3
a  R e a c t i o n p e r fo rm e d  i n  p r e s e n c e o f  0 . 6  x  10 5 M q u i n o l .
b R e a c t i o n  p e r fo rm e d  i n  p r e s e n c e - 4o f  0 . 6  x  10 M q u i n o l .
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r e m o v a l  o f  e t h y l m e r c u r i c  c h l o r i d e  showed o n ly  one s p o t  w h ich  was 
p o s i t i v e l y  i d e n t i f i e d  a s  t r i e t h y l t i n  c h l o r i d e  by c o m p a r is o n  w i t h  an  
a u t h e n t i c  s a m p le .  The R^ v a l u e s  o f  t h e s e  p r o d u c t s  and  some o t h e r  
compounds c h ro m a to g ra p h e d  a t  t h e  same t im e s  a r e  g iv e n  i n  T a b le  1 3 * 7  • 
I t  was d e m o n s t r a t e d  by  G .L .C . t h a t  t e t r a e t h y l t i n  was s t i l l  
p r e s e n t  i n  t h e  r e a c t i o n  m i x t u r e .
T a b le  1 3 -^  •
R a t e  c o n s t a n t s  o f  t h e  r e a c t i o n  b e t w e e n  t e t r a e t h y l t i n  ( a )  and  m e r c u r i c
c h l o r i d e  ( b )  a t  4 0 ° C .  k „  =
" ' ' - ,,r *' ' '
-1  -1
2 . 7 5 , o’ =•• 0 . 0 2  1 m o le  m m
Runa a  x  1 0 ~5 M 0
- 3  —1 -1
b x  10 ^ M k ~  1 m o le  m m  0 2
2 5 3 8 .821 5 . 8 6 9  2 . 7 4
25^ 8 * 7 8 4 5 . 9 0 6  2 . 7 7
2 5 5 8*836 5 .8 8 1  2 . 7 3
256 8*826 5 . 8 7 9  2 . 7 6
2 5 7 8 . 8 0 3 5 . 8 6 0  2 . 7 3
a  Re a c t i o n  p e r f o r m e d  i n  p r e s e n c e
- 4
o f  0 . 6  x  10  M q u i n o l .
6* R a te  c o n s t a n t s  o f  t h e  r e a c t i o n  i n  t h e  p r e s e n c e  o f  t e t r a ~ n ~ b u t y l ~
ammonium p e r c h l o r a t e  a t  25°C  
The r e s u l t s  a r e  g i v e n  i n  T a b l e  1 3 * 8 .  R a te  c o n s t a n t s  f o r  r e f e r e n c e  
r u n s  u s i n g  t h e  sam e s o l v e n t  i n  t h e  a b s e n c e  o f  i n e r t  s a l t  a r e  a l s o  
g i v e n .
7* R a te  c o n s t a n t s  o f  t h e  r e a c t i o n  i n  t h e  p r e s e n c e  o f  l i t h i u m  p e r c h l o r a t e  
The r e s u l t s  a r e  g i v e n  i n  T a b le  1 3 * 9 *  R a t e  c o n s t a n t s  f o r  t h e  
r e f e r e n c e  r u n  u s i n g  t h e  same s o l v e n t  i n  t h e  a b s e n c e  o f  i n e r t  s a l t  i s  
a l s o  g i v e n .
Table 13.3
R ate  c o n s t a n t s o f  th e r e a c t i o n  b e tw e e n t e t r a e t h y l t i n  ( a )  an d  m e r c u r i c
c h l o r i d e ( b ) a t 6o 0c .  k„  =. 9 .2 4 , —1 -1  cr 0 . 2 4  1 mole m inC. • .....
Runa  a  x  10~^ M b x  10 ^ M k~ 1  m ole  ^min *o o 2
46 8 . 6 2 2 5 .7 2 0 9 .5 1 8
k? 8 .6 4 3 5 .7 1 0 9 . 2 0 6
48 8 .6 4 2 5 .7 5 7 9 .1 5 5
49 8 .5 7 2 5 .7 2 3 9 .0 1 3
50 8 . 6 1 8 5 .7 4 1 8 . 8 0 0
51 8 .5 5 5 5 i7 2 3 9 .3 ^ 8
52 8 .6 0 7 5 .7 6 0 9 .6 1 4
53 8 .3 9 2 5 .7 5 4 9.74-1
54- 8 i6 2 3 5 .7 5 3 9 .2 5 2
58 8 .3 7 8 5 .7 6 0 9 .2 4 7
59 8 . 6 3 2 5 .7 2 4 9 .1 0 3
6o 8 .6 3 9 5 .7 4 7 9 .2 7 6
61 8 ,6 o 4 5 .7 3 1 9.34-2
62 8 .5 9 9 5 .7 2 5 9 . 1 8 0
63 8 . 6 2 0 5 .7 2 1 8 . 7 6 2
64 8 . 6 0 5 5 .7 5 8 9 .3 2 5
65 8 . 5 8 8 5 .7 2 8 9.4-43
66 8 . 6 3 6 5 .7 5 3 9 .2 4 1
67 8 . 5 8 8 5 .7 3 5 9 . 1 1 6
R e a c t i o n p e r fo rm e d  i n  p r e s e n c e ~4o f  0 . 6  x  10 M q u i n o l .
Table 1 3 .6
The a c t i v a t i o n  p a r a m e t e r s  c a l c u l a t e d  u s i n g  t h e  r a t e  c o n s t a n t s  o b t a i n e d
a t  2 5 . 40 and  60°C
A c t i v a t i o n
p a r a m e te r
t e m p e r a t u r e
i n t e r v a l
v a lu e
AG'
AH
AH
A
298
/
298
298
ahA
313
^ 2 9 8
A s298
AS
313
25
25
40
25
25
4o
4o°C 
6o°G 
6o°C 
40° C 
60°G
6o°c
1 9 . 8 1 2  + 0 . 0 1 8  k c a l  m ole  
1 0 . 5 2 5  + 0*322  k c a l  m ole 
1 1 . 3 0 8  +. 0 . 2 1 9  k c a l  m ole  
11.94-1 + 0 ,2 4 7  k c a l  m ole
-1
-1
-1
-1
•31.14-9 + 1 . 0 8 0  c a l  deg. ^mole ^
•28 .524  + 0 .7 3 4  c a l  d e g ~ 1m o le ~ 1
•“■1 *fc1•2 6 . 6 3 0  + 0 ,7 4 1  c a l  d eg  m ole
T a b le  1 3 .7
R^ v a l u e s  o f  r e a c t i o n  p r o d u c t s  , and  t i n  and  m e rc u ry  compounds
Sam ples  a n a l y s e d R^ v a l u e s  o f  s p o t s  on p l a t e
r e a c t i o n  m i x tu r e  
r e a c t i o n  m i x t u r e  c o n c e n t r a t e  
t e t r a e t h y l t i n  
t r i e t h y l t i n  c h l o r i d e  
d i e t h y l t i n  d i c h l o r i d e  
e t h y l t i n  t r i c h l o r i d e  
e t h y l m e r c u r i c  c h l o r i d e  
m e r c u r i c  c h l o r i d e
0 . 1 2
0 . 1 6
0 . 1 6
0.00
0.00
0 . 1 2
0.01
Table 1 3 .8
S a t e  c o n s t a n t s  o f  t h e  r e a c t i o n  b e tw e e n  t e t r a e t h y l t i n  ( a )  and  m e r c u r i c  
c h l o r i d e  (b )  i n  t h e  p r e s e n c e  o f  te t ra » n ~ b u ty la m m o n iu m  p e r c h l o r a t e  a t
25°C
Runa a  x 10“ ^M o b ox 1 0 “ ^M [Bu^NClO^jM 'PB g /m l  ^
—1 -11 m o le  min 4 / 4
42 9 .0 8 3 6 .0 2 3 - O. 7808 1 . 1 2 2 1 . 0 0 0
43 9 .0 4 9 6 . 0 0 3 0 . 2 0 0 .7 9 7 7 1 . 3 2 2 1 . 1 7 8
68 9 .0 7 3 6 . 0 2 2 - 0 . 7 8 0 8 1 .1 3 8 1 . 0 0 0
69 8*990 6 .0 0 9 0 . 2 0 0 .7 9 7 7 1 .3 8 5 1 . 1 9 6
44 9 .0 7 3 6 . 0 2 8 - 0 . 7 8 0 8 0 .9 0 1 1 . 0 0 0
k$ 9 .0 3 0 6 , 0 0 0 0*40 0 . 8 1 3 7 1 . 1 0 6 1 . 2 2 8
70 9 .0 3 3 6 .0 2 7 - 0 . 7 8 0 8 1 . 1 6 2 1 . 0 0 0
71 8 .9 9 1 6 .0 1 4 0 .4 0 0 .8 1 3 7 1 .5 0 4 1 . 2 9 4
72 8 .9 9 4 6 .0 0 9 0 . 6 0 0 . 8 2 7 8 1 .5 4 9 1 .3 3 3
73 9 .0 2 3 6 . 0 1 6 - 0 , 7 8 0 8 1 . 1 1 2 1 . 0 0 0
7k 9 . 02k 6 . 0 0 2 0 . 8 0 0 .8 4 0 2 1 .5 6 3 1 .4 0 6
a  R e a c t i o n  p e r fo rm e d  i n p r e s e n c e o f  0 . 6  x  10 M q u i n o l .
T a b le  1 5 .9
R a te  c o n s t a n t s  o f  t h e  r e a c t i o n  b e tw e e n  t e t r a e t h y l t i n  ( a )  and  m e r c u r i c  
c h l o r i d e  (b )  i n  t h e  p r e s e n c e  o f  l i t h i u m  p e r c h l o r a t e  a t  25 °C
Runa a  x10~^M 0 b x 10~ %  0 k iC lO ^ M ps  g/ m l  k 2
—1 —11. m ole  m in i  s  A O 2 2
75 9 .0 4 5 6 .0 2 4 - 0 . 7 8 0 8 1 .1 4 3 1 . 0 0 0
76 9 .0 0 3 6 .0 1 9 0 . 2 0 0 .7 9 5 5 1 .4 0 9 1 .2 3 3
77 9 .0 3 3 6 .0 0 9 0 . 6 0 0 .8 2 5 4 1 . 8 6 2 1 .6 2 9
a  R e a c t i o n  p e r fo rm e d  i n  p r e s e n c e  o f z' - 4  0 . 6  X  10 M q u i n o l .
8. Rate constant of the reaction in the presence of chloride ion at 25°0
S t a n d a r d  s o l u t i o n s  o f  m e r c u r i c  c h l o r i d e  t o g e t h e r  w i t h  t e t r a -
methylammonium t r i c h l o r o m e r c u r a t e  (p re su m ed  p u r e ,  b u t  s e e  s e c t i o n
8 . 3 . c . i i ,  p ag e  2 2 9 ) w ere p r e p a r e d  s u c h  t h a t  t h e  t o t a l  c o n c e n t r a t i o n
o f  m e rc u ry  was two t h i r d s  t h a t  o f  t h e  t e t r a e t h y l t i n  s o l u t i o n  p r e p a r e d .
The " f r e e ” m e r c u r i c  c h l o r i d e  i n  t h e  ad d ed  s a l t  was i n c l u d e d  i n  t h e
e v a l u a t i o n  o f  b , and  v a l u e s  o f  a  and  b u s e d  i n  t h e  c a l c u l a t i o n  o f  o 1 o o
k ^ t  a r e  g iv e n  i n  T a b le  13*10 .
The r e s u l t s  a r e  e x p r e s s e d  g r a p h i c a l l y  i n  f i g u r e s  1 3 .   ^ t o  13*5*
T a b le  1 3 .1 0
D e t a i l s  o f  t h e  r u n s  i n  t h e  s t u d y  o f  t h e  r e a c t i o n  b e tw e e n  
t e t r a e t h y l t i n  ( a )  and  m e r c u r i c  c h l o r i d e  (b )  i n  t h e  p r e s e n c e  o f
c h l o r i d e  i o n  a t  23°Q
—^  —z  i n I t
Run a  x10  b x10 M k_ commento o 2
58 9 . 0 6 0  6 .^ 7 6  0 , 1 3  bQ c a l c u l a t e d  on b a s i s  o f  t o t a l  m e rc u ry
p r e s e n t ,  s e e  f i g u r e s  13*1 &:nd 1 3 . 2 .
36  9 . 06 o 0 . 9 2 0  5*4 b Q c a l c u l a t e d  on b a s i s  o f  f r e e  HgCl^
p r e s e n t 21.
37 9 .0 0 5  6 .2 4 6  0 . 8  b Q c a l c u l a t e d  on b a s i s  o f  t o t a l  m e rc u ry
p r e s e n t ,  s e e  f i g u r e s  1 3 .4  an d  13*5»
57 9*005 3 .4 7 0  1 .1  b Q c a l c u l a t e d  on b a s i s  o f  f r e e  HgCl^
p r e s e n t a , s e e  f i g u r e  1 3 *3 * 
a  C a l i b r a t i o n  i n t e r c e p t  s u i t a b l y  a d j u s t e d  f o r  t h e  c a l c u l a t i o n .
260
bO
F i g u r e  13*1* G raph o f  
v a l u e s  o f  k ^ t  c a l c u l a t e d  
u s i n g  b e q u i v a l e n t  t o  fl> 
t o t a l  m e rc u ry  p r e s e n t ,  
p l o t t e d  a g a i n s t  v a l u e s
Of t .  1,0
V
Run 58
,0 d
F i g u r e  13*2 . 
f i g u r e  13*1*
D e t a i l  o f
ir
k ^ t
,\o
0 &
Run 58
t- (m in s )
o
o ,
50
t  (m in s )
l oe o
ico
F i g u r e  13*3* G raph o f  
v a l u e s  o f  c a l c u l a t e d  
u s i n g  b e q u i v a l e n t  t o  
f r e e  m e r c u r i c  c h l o r i d e  
p r e s e n t ,  p l o t t e d  a g a i n s t  
v a l u e s  o f  t .  w
V
0
Run 57
0
l co.
t  (m in s )
iro
__ j 
too
F i g u r e  13.*f. G raph o f  Hun 37 
v a l u e s  o f  k ^ t  c a l c u l a t e d  
u s i n g  b Q e q u i v a l e n t  t o  »*r- 
t o t a l  m e rc u ry  p r e s e n t ,  
p l o t t e d  a g a i n s t  v a l u e s  
o f  t .
k „ t  iC{
ktcc
t  ( m in s )
F i g u r e  13*5» D e t a i l  o f  
f i g u r e  1 3 , 4 .
Run 37
J<V
t  (m in s )
2 6 2
9* R a te  c o n s t a n t s  o f  t h e  r e a c t i o n  i n  t h e  p r e s e n c e  o f  w a te r  a t  25°0
R e a c t a n t  s o l u t i o n s  f o r  t h e s e  k i n e t i c  r u n s  w ere  p r e p a r e d  by m ethod  
2 (p a g e  231)*  The r e s u l t s  a r e  g i v e n  i n  T a b le  13*11* R a te  c o n s t a n t s  
f o r  r e f e r e n c e  r u n s  u s i n g  t h e  same s o l v e n t  i n  t h e  a b s e n c e  o f  w a t e r  a r e  
a l s o  g iv e n *
T a b le  13*11
R a te  c o n s t a n t s  o f  t h e  r e a c t i o n  b e tw e e n  t e t r a e t h y l t i n  ( a )  and  m e r c u r i c  
c h l o r i d e  (b )  i n  t h e  p r e s e n c e  o f  w a te r  at.. 25°C
Run - 3a  x 10 M 
0
b x 10“ ^ M 
0
[H20 3 M — 1  - 1k^  1 m ole m in ,  W  / ,  02 2
202 9 .0 1 8 6 .0 0 3 - 1 .1 0 3 1 .0 0 0
203 9.04-6 6*04-4- 0 .0 2 9 8 1.14-3 1 .0 3 6
204- 9 .0 0 9 6 .0 2 2 0 .0 5 9 5 1 .1 2 8 1 .0 2 3
203 9 .0 1 3 6 .0 2 8 0 .1 1 2 1 .1 3 0 1.024-
206 9 .0 1 3 6.034- 0 .1 6 7 1.14-8 1.04-1
20 ? 9 .0 3 7 6 .0 2 9 0 .2 1 9 1 .1 8 2 1 .0 7 2
194- 9 .0 1 8 6 .0 1 3 - 1 .1 6 9 1 .0 0 0
193 9 .0 0 9 6 .0 2 0 0 .2 7 1 1.224- 1.04-7
196 9 .0 2 8 6 .0 1 3 0.5V1 1 .2 7 7 1 .0 9 2
197 8 .9 9 3 6.024- 0.814- 1.354- 1 .1 5 8
198 9.034- 6 .0 2 2 1 .0 9 2 1 .3 9 7 1 .1 9 5
199 9 .0 1 6 6 .0 2 0 1.64-1 1.4-55 1.24-5
200 9 .0 0 9 6 .0 0 9 2.204- 1.4-90 1 .2 7 5
201 9 .0 3 1 6 .0 1 2 2 .7 7 0 1 .6 0 8 1 .3 7 6
10. Rate constants of the reaction in the presence of various impurities
a t  25 C
R e a c t a n t  s o l u t i o n s  f o r  k i n e t i c  r u n s  188  t o  193 and  216  w ere  
p r e p a r e d  by m ethod  2 (p a g e  2 3 1 )•
The r e s u l t s  a r e  g i v e n  i n  T a b l e  1 3 - 1 2 ,
T a b le  1 3 - 1 2
R a te  c o n s t a n t s  o f  t h e  r e a c t i o n  b e t w e e n  t e t r a e t h y l t i n  ( a )  and  m e r c u r i c  
c h l o r i d e  ( b )  i n  t h e  p r e s e n c e  o f  v a r i o u s  i m p u r i t i e s  a t  2 5 °C
Run - 3a- x 10  M 0 b x 10 5 0 M c o n d i t i o n s k 2 1 m ole^m in*"  ^ comment
36a 9 -0 7 3 6.04-9 r e f e r e n c e 1 .1 2 2 t y p i c a l
38a 9*018 6 .0 3 3 r e f e r e n c e 1 .1 6 9 2 p o i n t  r u n
39a 8 .9 6 2 6 .0 2 2 r e f e r e n c e 1 .1 5 0 2 p o i n t  r u n
4oa 9-031 6 .021 u n d e r  N^ 1 .191 2 p o i n t  r u n
4la 8 .9 8 7 6 .0 1 9 u n d e r  Isf^ 1 .1 6 3 2 p o i n t  r u n
188 8 .9 3 8 3 .9 9 9 c ru d e  MeCN ( 1 ) 0 .5 3 6  ) d e c r e a s i n g
189 8 ,9 3 6 5 .9 6 6 c ru d e  MeCN ( 2 ) 0 .8 5 1  ) k^ w i t h  i n c r e a s i n g
190 8 .9 7 0 5 .9 5 8 c ru d e  MeCM (3 ) 0 .8 2 8  )
t im e
191 8 .9 3 2 5 .9 7 7 d r i e d  MeCN ( 1 ) - NH^ p r e s e n t
192 8 .9 6 0 5 .9 8 4 d r i e d  v. MeCN (2) 0 . 9^9
193 8 .9 3 7 5 .9 8 9 d r i e d  ?? MeCN (3 ) 0 .8 1 3
216 9 .0 0 2 6 .0 1 4 0 .0 1 1  M b e n z e n e 1 .1 2 0
- 4a  R e a c t i o n  p e r fo rm e d  i n  p r e s e n c e  o f  0 , 6  x  10 M q u i n o l .
SECTION
KINETIC RESULTS OF THE REACTION BETWEEN TETRA-iso-PROPYLTIN AND
MERCURIC CHLORIDE IN SOLVENT ACETONITRILB
1 •  R a t e  c o n s t a n t s  o f  t h e  r e a c t i o n  a t  25°C
T w en ty  k i n e t i c  r u n s  w e r e  c a r r i e d  o u t  i n  t h e  m an n er  d e s c r i b e d  i n  
s e c t i o n  9 (p a g e  2 3 0 ) f o r  a  s l o w . r e a c t i o n ,  r e a c t a n t  s o l u t i o n s  b e i n g  
p r e p a r e d  by m e th o d  2 ( p a g e  23*1 ) •  Care was t a k e n  t o  p r e p a r e  a l l  
s o l u t i o n s  u n d e r  n i t r o g e n  and  e l e v e n  r e a c t i o n  m i x t u r e s  w e r e  s e a l e d  
up i n  a m p o u le s ,  e a c h  h o l d i n g  s l i g h t l y  m ore t h a n  5  m l (1 9  a m p o u le s  
p e r  1 0 0  m l r e a c t i o n  m i x t u r e ) ,  w h i l e  n i n e  w e r e  l e f t  i n  t h e  1 0 0  m l  
r e a c t i o n  v e s s e l s .
A b s o r b a n c e  m e a s u r e m e n t s  w e r e  made u s i n g  0 . 2  cm c e l l s .  I n  t h e  
c a s e  o f  s e a l e d  r e a c t i o n  m i x t u r e s  a  f r e s h  a m p o u le  w as  o p e n e d  f o r  e a c h  
s a m p le  t a k e n *  I n  s i x  r u n s  a m p o u le s  w e r e  u s e d  i n  t h e  o r d e r  i n  w h i c h  
t h e y  had  o r i g i n a l l y  b e e n  s e a l e d  and i n  t h e  o th e r ,  f i v e  f u n s  a m p o u le s  
w e r e  u s e d  i n  t h e  r e v e r s e  o r d e r ;
The r e a c t i b n  m i x t u r e s  i h  t h e  1 0 0  m l v e s s e l s  s h o w e d  s i g n s  o f  
e v a p o r a t i o n  a f t e r  f o u r  m o n th s  and  t h e  f o l l o w i n g  c o r r e c t i o n  w as made 
t o  t h e  a b s o r b a n c e  v a l u e s :
A (A + c e l l  c o r r )  r ° r l f f l n a l  r n  ~ w t  o f  s a m p l e s  '
c o r r .  ~  m eas  "* * jw t  o f  r e a c t i o n  m i x t  a t  t i m e  o f  s a m p l i n g
1*f.1
D e c r e a s e  i n  m e r c u r i c  c h l o r i d e  c o n c e n t r a t i o n  w as  a b o u t  t e n  t i m e s  
f a s t e r  i n  t h e s e  u n s e a l e d  v e s s e l s  t h a n  i n  t h e  s e a l e d  v e s s e l s .
V a l u e s  o f  k  t  f o r  t h e  s e a l e d  r e a c t i o n  m i x t u r e s  h a v e  b e e n  p l o t t e d  
a g a i n s t  t ,  a s  sh ow n  i n  f i g u r e  1 ^ * 1 ,  and  a  v a l u e  f o r  a t  2 5 °  0  o f
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F i g u r e  1 4 . 1 .  G raph o f  v a l u e s  o f  k ^ t  p l o t t e d  a g a i n s t  t  f o r  r e a c t i o n  
b e tw e e n  t e t r a - i s o - p r o p y l t i n  and  m e r c u r i c  c h l o r i d e  i n  s e a l e d  v e s s e l s  a t  25 C.
“ 1 "* 11 ,*f x  10 1 m ole m in h as  b e e n  o b t a i n e d .
A p e a r l y  w h i t e  p r e c i p i t a t e  b e g a n  t o  fo rm  i n  t h e  u n s e a l e d  r e a c t i o n  
m i x t u r e s  w i t h i n  a  week o f  t h e  s t a r t  o f  r e a c t i o n  and  became a b u n d a n t  
by f o u r  m on ths  a t  w h ich  t im e  f u r t h e r  p r e c i p i t a t i o n  a p p a r e n t l y  c e a s e d .  
V ery s lo w  p r e c i p i t a t i o n  o f  a  w h i t e  s o l i d  o c c u r r e d  i n  t h e  s e a l e d  
r e a c t i o n  m i x t u r e s  and  was o n ly  o b v io u s  a f t e r  a b o u t  f o u r  m on ths  o f  
r e a c t i o n  t i m e ;  When v a l u e s  o f  k ^ t  f o r  t h e  u n s e a l e d  r e a c t i o n  m i x t u r e s  
w ere p l o t t e d  a g a i n s t  t  t h e  p o i n t s  w ere  fo u n d  t o  be v e r y  s c a t t e r e d ,  
b u t  i n d i c a t e d  a  v a l u e  f o r  t h e  r a t e  c o n s t a n t  some t e n  t i m e s  g r e a t e r ,  
th a n  f o r  t h e  s e a l e d  r e a c t i o n  m i x t u r e s ,
2 ,  The p r o d u c t  a n a l y s e s
T .L .C .  ( s e c t i o n  1 1 . 3 ,  p age  2 -^6 ) on r e a c t i o n  m i x t u r e s  f rom  b o t h  
s e a l e d  and  u n s e a l e d  r e a c t i o n  v e s s e l s  showed t h r e e  s p o t s ,  one o f  w h ic h  
was i d e n t i f i e d  a s  m e r c u r i c  c h l o r i d e  by  c o m p a r is o n  w i t h  an  a u t h e n t i c  
s a m p le i  The r e m a in in g  two s p o t s  w ere  more i n t e n s e  i n  t h e  c a s e  o f  t h e  
r e a c t i o n  m i x tu r e  from  t h e  u n s e a l e d * v e s s e l ,  a l t h o u g h  t h e  same s i z e d  
sa m p le s  (13 M-l) Were c h ro m a to g ra p h e d .  The R^ v a l u e s  o f  t h e s e  p r o d u c t s  
a r e  g iv e n  i n  T a b le  1 ^ , 1 ,
T a b le  1*f.1
R„ v a l u e s  o f  r e a c t i o n  p r o d u c t s
S am ples  a n a l y s e d R^ v a l u e s  o f  s p o t s  on p l a t e
m e r c u r i c  c h l o r i d e
r e a c t i o n  m i x tu r e  ( u n s e a l e d  v e s s e l )
r e a c t i o n  m i x tu r e  ( s e a l e d  v e s s e l ) 0 . 0 1 , 0 , 2 8 , o A S
0 , 0 1 , 0 . 2 9 ,  0 A 9
0 .0 1
2 6 ?
SECTION 15
KINETIC RESULTS OF THE REACTION BETWEEN TETRA-n-PROPYLTIN AND
MERCURIC CHLORIDE IN SOLVENT ACETONITRILB
^ • R a te  c o n s t a n t s  o f  t h e  r e a c t i o n  a t  25°C
K i n e t i c  r u n s  w ere c a r r i e d  o u t  i n  th e  m anner d e s c r i b e d  i n  s e c t i o n  
9 (p ag e  2 3 0 ) f o r  a  s lo w  r e a c t i o n ,  r e a c t a n t  s o l u t i o n s  b e i n g  p r e p a r e d  
by m e thod  1 (p ag e  2 3 0 ) .  A b so rb a n c e  m e a su re m e n ts  w ere  made u s i n g  1 cm 
c e l l s .
The r e s u l t s  a r e  g iv e n  i n  T a b le  15*1*
2 .  The p r o d u c t  a n a l y s e s
A s e m i - q u a n t i t a t i v e  i s o l a t i o n  o f  n - p r o p y l m e r c u r i c  c h l o r i d e  
( s e c t i o n  1 1 . 1 ,  page  2A3 ) r e s u l t e d  i n  a  73*2% y i e l d .  The p r o d u c t  h ad  
a m e l t i n g  p o i n t  o f  144°C [ l i t  143°C (1 7 5 )3 *
n nTwo a t t e m p t s  a t  t h e  g r a v i m e t r i c  e s t i m a t i o n  o f  P r  HgCl a s  P r  Hgl 
( s e c t i o n  1 1 . 2 ,  p age  245) f a i l e d  b e c a u s e  t h e  p r e c i p i t a t e  t o t a l l y  
b lo c k e d  t h e  s i n t e r e d  g l a s s  c r u c i b l e .
T .L .C .  ( s e c t i o n  1 1 . 3» Pa Sa 246) on r e a c t i o n  m i x t u r e s  shov/ed 
o n ly  one s p o t  w h ich  was i d e n t i f i e d  a s  P r nHgCl by c o m p a r is o n  w i t h  an  
a u t h e n t i c  s a m p le .  A n a l y s i s  o f  an  e t h e r e a l  c o n c e n t r e . t e  o f  a  r e a c t i o n  
m i x tu r e  f o l l o w i n g  t h e  s e m i - q u a n t i t a t i v e  re m o v a l  o f  P r n HgCl showed 
two s p o t s .  The R^ v a l u e s  o f  t h e s e  p r o d u c t s  a r e  g i v e n  i n  T a b le  1 5*2 .  
I t  was d e m o n s t r a t e d  by  G .L .C . ( s e c t i o n  1 1 . 4 ,  p ag e  24 7 )  t h a t
nP r^S n  was s t i l l  p r e s e n t  i n  t h e  r e a c t i o n  m i x t u r e .
T a b le  15*1
R a te c o n s t a n t s  o f  t h e  r e a c t i o n b e tw e e n  t e t r a - n - p r o p y l t i n  ( a )  and
m e r c u r i c  c h l o r i d e  (b )  a t  25 °C . k .  = 0 . 2 5 5 , cr s -1  -1  0 ,0 0 5  1 m ole m mu.
Runa a  x 10~5 M b x  10~^ M -1  . -1k 0 1  m ole  m m0 0 2
98 8 .9 8 9 6 .0 2 4 0 .2 5 9
99 9 .0 2 9 5 .9 8 9 0 .2 5 5
100 8 .9 9 3 5^986 0 .2 5 2
101 9 .0 1 9 6 .0 1 6 0 .2 5 8
102 9 .0 1 4 6 .0 0 6 0 . 2 5 3
103 8 .9 3 9 6 .0 2 4 0 .2 5 1
104 8 .9 9 0 6 .0 1 1 0 .2 5 1
105 9 .0 0 9 6 .0 1 6 0 .2 4 8
106 8 .9 9 7 6 .0 2 1 0 .2 5 1
107 9 k 012 6 .0 0 7 0 .2 5 1
108 8 .9 8 6 6 .0 2 2 0 .2 6 0
109 9 .001 6 .0 0 7 0 . 2 6 3
110 9 .0 3 4 6 .0 1 0 0 . 2 5 9
111 9 .0 3 0 6 .0 0 1 0 .2 6 0
112 8 ,9 8 2 6 .0 2 3 0 .2 6 1
a. R e a c t i o n  p e r fo rm e d  i n  p r e s e n c e
-4o f  0 . 6  x  TO M q u i n o l .
T ab le  1 3 .3
R^ v a l u e s  o f  r e a c t i o n  p r o d u c t s
S am ples a n a l y s e d R^ v a l u e s  o f  s p o t s  on p l a t e
r e a c t i o n  m i x tu r e
r e a c t i o n  m i x tu r e  c o n c e n t r a t e
n ~ p r o p y lm e r c u r i e  c h l o r i d e
0 .3 1
0.27, 0.51
0 .3 2
SECTION 16
KINETIC RESULTS OF THE REACTION BETWEEN TETRA-n-BUTYLTIN AND MERCURIC
CHLORIDE IN SOLVENT ACETONITRILE
^ • H a te  c o n s t a n t s  o f  t h e  r e a c t i o n  a t  23 °C
K i n e t i c  r u n s  w e r e  c a r r i e d  o u t  i n  t h e  m an n er  d e s c r i b e d  i n  s e c t i o n  
9 (p a g e  2 3 0 ) f o r  a  s l o w  r e a c t i o n ,  r e a c t a n t  s o l u t i o n s  b e i n g  p r e p a r e d  
b y  m e th o d  1 ( p a g e  2 3 0 ) .  A b s o r b a n c e  m e a s u r e m e n t s  w e r e  made u s i n g  1 cm 
c e l l s .
The r e s u l t s  a r e  g iv e n  i n  T a b le  1 6 . 1 .
2 .  The p r o d u c t  a n a l y s e s
A s e m i - q u a n t i t a t i v e  i s o l a t i o n  o f  n - b u t y l m e r c u r i c  c h l o r i d e  
( s e c t i o n  1 1 * 1 t  p a g e  2 4 3 )  r e s u l t e d  i n  a n  8 9 . 0% y i e l d .  The p r o d u c t
had  a  m e l t i n g  p o i n t  o f  1 2 8 °C  and  g a v e  a  m ix e d  m e l t i n g  p o i n t  o f  1 2 3 °C
[ l i t  1 2 7 . 5 °C ( 1 7 5 ) ] .
n nTwo a t t e m p t s  a t  t h e  g r a v i m e t r i c  e s t i m a t i o n  o f  Bu HgCl a s  Bu H gl  
( s e c t i o n  1 1 . 2 ,  p a g e  2 4 3 )  f a i l e d  b e c a u s e  t h e  p r e c i p i t a t e  t o t a l l y  
b l o c k e d  t h e  s i n t e r e d  g l a s s  c r u c i b l e .
T .L .C .  ( s e c t i o n  11*3» Pa g e 246) on r e a c t i o n  m i x t u r e s  showed o n ly
one s p o t ,  w h ich  was i d e n t i f i e d  a s  n - b u t y l m e r c u r i c  c h l o r i d e  by 
c o m p a r is o n  w i t h  an  a u t h e n t i c  s a m p le .  A n a l y s i s  o f  an  e t h e r e a l  c o n c e n ­
t r a t e  o f  a  r e a c t i o n  m i x tu r e  f o l l o w i n g  th e  s e m i - q u a n t i t a t i v e  r e m o v a l  
o f  n - b u t y l m e r c u r i c  c h l o r i d e  showed one s p o t  w h ich  was i d e n t i f i e d  a s  
t r i - n - b u t y l t i n  c h l o r i d e  by c o m p a r iso n  w i t h  an  a u t h e n t i c  s a m p le .  The 
R^ v a l u e s  o f  t h e s e  p r o d u c t s  a r e  g iv e n  i n  T a b le  1 6 . 2 .
I t  w as d e m o n s t r a t e d  b y  G .L .C .  ( s e c t i o n  1 1 . 4 ,  p a g e  2 4 ? )  t h a t  
Bujjsn was s t i l l ,  p r e s e n t  i n  t h e  r e a c t i o n  m i x t u r e .
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Table 16.1
R a te  c o n s t a n t s  o f  t h e  r e a c t i o n  b e tw e e n  t e t r a - n - b u t y l t i n  ( a )  and
' O  UJ '*] *».*J
m e r c u r i c  c h l o r i d e  (b )  a t  25 C» = 0.274-, cr = 0 .0 1 1  1 mole min
Runa  a  x  10 ^ M b x  10 ^ M 1 m ole ^min ^o o 2
113 8 .9 8 2 6 .0 1 2 0 .2 7 0
114- 9 .0 2 8 6 .0 2 0 O.2 6 5
115 9*029 5 .9 9 3 0 .2 6 1
116 9 .0 3 3 5 .9 8 3 0 .2 6 8
117 8 .9 6 3 5 .9 9 3 O.2 6 3
118 9 .0 3 3 6 .0 1 8 0 .2 7 2
119 8 .9 8 3 6 .0 1 8 0 .2 6 3
120 9 .0 0 3 6 .0 1 2 0 .2 7 0
121 8 .9 9 9 5 .9 9 2 0 .2 7 0
122 8 . 9  64- 6 .0 0 3 0 .2 6 6
123 9 .0 2 3 6 .0 1 2 O.2 8 5
124- 8 .9 9 8 6 .0 1 2 0.284-
125 9 .0 2 3 5 .9 9 7 0 .2 9 3
126 9 .0 1 6 6 .0 1 6 0 .2 8 8
127 9 .0 2 2 5 .9 9 1 0 .2 9 1
a  R e a c t i o n  p e r fo rm e d  i n  p r e s e n c e o f  0 . 6  x -410 M q u i n o l .
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T a b le  1 6 ,2  
R , v a l u e s  o f  r e a c t i o n  p r o d u c t s
S am ples  a n a l y s e d v a l u e s  o f  s p o t s  on p l a t e
r e a c t i o n  m i x t u r e 0 .4 7
r e a c t i o n  m i x tu r e  c o n c e n t r a t e O.5 2
n - b u t y l m e r c u r i c  c h l o r i d e 0 . 4 7
t r i - n - b u t y l t i n  c h l o r i d e 0 .5 2
SECTION 17
KINETIC RESULTS OF THE REACTION BETWEEN TETRA-iso-BUTYLTIN AND 
MERCURIC CHLORIDE IN SOLVENT ACETONITRILE
1 • R a te  c o n s t a n t s  o f  t h e  r e a c t i o n  a t  25 a-fld 60°'C
K i n e t i c  r u n s  w ere  c a r r i e d  o u t  i n  t h e  m anner  d e s c r i b e d  i n  s e c t i o n
9 (p ag e  2 3 0 ) f o r  a  s lo w  r e a c t i o n ,  r e a c t a n t  s o l u t i o n s  b e i n g  p r e p a r e d  by- 
m e thod  1 (p ag e  230)^  A b so rb a n ce  m e a su re m e n ts  w ere  made u s i n g  1 cm c e l l s *
The r e s u l t s  a r e  g i v e n  i n  T a b l e s  17*1 an d  1 7 *2 ,
2* The a c t i v a t i o n  p a r a m e t e r s
The v a l u e s  a r e  g iv e n  i n  T a b le  17*3*
3* The p r o d u c t  a n a l y s e s
Owing to  t h e  h ig h  s o l u b i l i t y  o f  i s o - b u t y l m e r c u r i e  c h l o r i d e  i n
d i e t h y l  e t h e r ,  a c e t o n i t r i l e  was u s e d  i n  t h e  s e m i - q u a n t i t a t i v e  i s o l a t i o n
o f  t h i s  p r o d u c t  ( s e c t i o n  1 1 *1 , p ag e  2 -^3 )* A 91$  y i e l d  o f  p r o d u c t  was
o b t a i n e d  w i t h  a  m e l t i n g  p o i n t  o f  123 -  126°C [ l i t  127*3°U (1 7 5 )3 *
i  iTwo a t t e m p t s  a t  t h e  g r a v i m e t r i c  e s t i m a t i o n  o f  Bu HgCl a s  Bu Hgl 
( s e c t i o n  1 1 . 2 , p ag e  2^ 5 ) f a i l e d  b e c a u s e  t h e  p r e c i p i t a t e  t o t a l l y  
b lo c k e d  th e  s i n t e r e d  g l a s s  c r u c i b l e *
T .L .C .  ( s e c t i o n  11*3? page  246)  on r e a c t i o n  m i x t u r e s  show ed o n ly
one s p o t .  A n a l y s i s  o f  an  e t h e r e a l  c o n c e n t r a t e  o f  a  t o t a l r e a c t i o n  
m i x tu r e  showed two s p o t s  t o  be p r e s e n t .  No p o s i t i v e  i d e n t i f i c a t i o n s  
c o u ld  be  made s i n c e  no s a m p le s  o f  i s o - b u t y l m e r c u r i c  c h l o r i d e  o r  t r i -  
i s o - b u t y l t i n  c h l o r i d e  w ere  a v a i l a b l e ,  Rf  v a l u e s  o f  t h e s e  p r o d u c t s  
a r e  g iv e n  i n  T a b le  17*^-*
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Table 17*1
Rate constants of the reaction between tetra-iso-butyltin (a) and
o 1 •i
m e r c u r i c  c h l o r i d e  (b )  a t  25 C. =- 0 .0 7 0 4 ,  c r -  0 .0 0 2 2  1 m ole  min
Runa a  x  10~3 M 0 b x  TO- 3  MO 1 m ole  3^
1 2 8 - l4 6 b 9 . 0 6 .0 0 .0 6 2 9
l4 7 b , c 8 . 9^0 5 .9 9 8 0 .0 1 7 3
148 8 .9 7 7 5 .9 7 6 0 .0 7 3 ^
149 81981 6 .0 1 0 0 .0 7 3 0
130 8 .9 7 6 5 .9 9 ^ 0 .0 7 3 9
131 8 .9 6 5 6 .0 1 4 0 .0 7 3 2
152 8 .9 7 1 6 .0 0 4 0 .0 7 3 8
168 8 .9 8 5 6 .0 0 5 O.0 6 8 9
169 8 .9 9 8 6 .0 1 9 0 .0 6 9 1
170 8 .9 8 8 6 .0 1 8 0 .0 6 8 9
171 9 .0 1 5 6 .0 0 5 0 ,0 6 8 8
172 8 .9 9 9 6 .0 0 5 0 .0 6 9 1
178 8 .9 7 6 5 .9 9 7 0 .0 6 9 0
179 8 .9 9 5 6 .0 1 2 0 .0 6 8 4
180 8 .9 8 5 5 .9 9 0 0 .0 6 9 0
181 9 .0 0 5 5 .9 9 0 0 .0 6 8 7
182 8 .9 8 3 5 .9 9 4 0 .0 6 9 0
a  R e a c t i o n  p e r fo rm e d  i n  p r e s e n c e - 4o f  0 . 6  x  10 M q u i n o l .
b R e a c t a n t  s o l u t i o n s  p r e p a r e d  by m e thod  2 (p a g e  231) an d  o n l y  two 
s a m p le s  t a k e n  from  e a c h  r u n ;  no q u i n o l  a d d e d :  mean v a l u e s  q u o t e d ,  
c C rude a c e t o n i t r i l e  u se d  a s  s o lv e n t . .
2.1b
Table 17>2
Rate constants of the reaction between tetra~iso-butyltin (a) and
m e r c u r i c c h l o r i d e  ( b )  a t 60°C . = 0 .8 2 7 ,  o* —1 -1  0 ,0 2 7  1 m ole m m..........C........—---  ------ ---- ------ ------- 1 1
Runa
- 3
a  x  10 M 0 b x  10~^ M 0
-1  —1k^  1  m ole m m
153 8 .3 6 6 5 .7 k k 0 .8 6 9
'l 5b 8 .5 8 7 5 .7 2 2 O.8 3 7
155 8 .5 9 1 5 .7 3 7 O .83O
136 8 .5 7 0 5 .7 ^ 7 O.831
^37 8 .5 6 7 5 .7 2 5 0 .8 3 7
163 81582 5 .7 5 9 0.834-
164- 8 .5 7 7 5.7*13 0.824-
165 8.*162 5 . 81*1 0 .8 7 3
166 8 .5 5 6 5.7*12 O.8 3 9
173 8 .5 7 2 5.7*i 6 0.794-
174- 8 .5 8 7 5 .7 0 5 0 .7 8 1
175 8 .5 7 2 5.72*1 0 .7 9 0
176 8 .601 5 .7 2 7 0^806
183 8 .5 9 3 5 .7 0 6 0 . 811 ;
184- 8 .5 9 6 5.7*11 0 . 8 0 3
183 8 .5 7 6 5 .6 9 9 0 .8 1 3
186 8 . 58*1 5 .721 0 .8 2 6
a  R e a c t i on p e r fo rm e d  i n -*1p r e s e n c e  o f  0 . 6  x  10 M q u i n o l .
275
Table 17*3
The a c t i v a t i o n  p a r a m e t e r s  c a l c u l a t e d  u s i n g  t h e  r a t e  c o n s t a n t s  o b t a i n e d
a t  25 and  6o°C
A c t i v a t i o n  p a r a m e t e r v a l u e
21.4-51 + 0 .0 1 9  k c a l  m o le "*1
AH298 13 .3 0 1  + 0 .2 5 2  k c a l  m o le ” 1
A S298 - 2 7 .3 3 7  + 0.84-4- c a l  d eg  ^mole ^
T a b le  17.4-
S f- v a l u e s  o f  r e a c t i o n  p r o d u c t s
S am ples  a n a l y s e d v a l u e s  o f  s p o t s  on p l a t e
r e a c t i o n  m i x tu r e
r e a c t i o n  m i x t u r e  c o n c e n t r a t e
O . b O
o.37, 0 .6 7
2 76
SECTION 18
KINETIC RESULTS OF THE REACTION BETWEEN TETRAMBTHYLTIN AND MERCURIC
CHLORIDE IN SOLVENT ACSTONITRILE
1 • R a te  c o n s t a n t s  o f  t h e  r e a c t i o n  a t  25 an d  60°C
K i n e t i c  r u n s  w ere  c a r r i e d  o u t  i n  t h e  m anner d e s c r i b e d  i n  s e c t i o n  
9 (p ag e  2 3 0 ) f o r  a  f a s t  r e a c t i o n ,  r e a c t a n t  s o l u t i o n s  b e i n g  p r e p a r e d  
by t h e  m ethod  g i v e n  on  p ag e  2 3 1 *
The r e s u l t s  a r e  g i v e n  i n  T a b le s  18 ,1  and  1 8 . 2 .
T a b le  1 8 .1
R a te c o n s t a n t s  o f  t h e  r e a c t i o n b e tw e e n  t e t r a m e t h y l t i n ( a )  an d  m e r c u r i c
c h l o r i d e  (b )  a t  23°C . k „  =- 1 6 9 , cr = 7 1 mole -1  . -1m m
Run a  x  10"^  M 0 b x  10~5 M 0
-1  -1k ^  1  m o le  m in
219 1 .0 9 0 .7 2 169
220 m o 0 .7 1 163
221 1 .1 0 0 .7 2 165
223 1*10 0 .7 3 169
226 1 .0 9 0 .7 3 181
229 1 .0 9 0*73 177
230 1 .1 0 0 .7 3 178
231 1 .0 9 0 .7 3 172
234- 1 .0 9 0 .7 3 163
235 1 .0 9 O.7 2 162
24-0 1 .1 0 0 .7 3 160
24-1 1 .0 9 0 . 7 3 162
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Table 18.2
Rate constants of the reaction between tetramethyltin (a) and mercuric
c h l o r i d e  (b )  a t 60°C . = 780 ,  o' 22 1 m ole \ i i n  ^c.
Run *-5a  x  10 M 0 b x  10~5 M 0
-1  -1kg  1 m ole rnin
217 1.04- 0 .6 9 797
218 1.04- 0 .7 0 788
222 1.04- 0 .7 0 79b
223 1 .0 5 0 .6 9 781;
22^ 1 . 0 *f 0 .7 0 783
22? 1.04- 0 . 7  0 808
228 1.04-. 0 .7 0 807
232 1.04- 0 .7 0 75b
233 1 .0 3 0 .7 0 74-9
238 1.04- 0 .7 0 780
239 1 . 0*f 0 .7 0 74-0
T a b le  1 8 .3
The a c t i v a t i o n  p a r a m e te r s c a l c u l a t e d  u s i n g  t h e  r a t e c o n s t a n t s  o b t a i n e d
a t  25 and  60°C
A c t i v a t i o n  p a r a m e te r v a l u e
AG298 16.84-0 + 0 .0 2 5
-1k c a l  m ole
AH298
AS298
8 .0 2 1 +. 0 .2 0 0 —1k c a l  m ole
- 2 9 .5 7 8 + 0 .6 7 1 -1  -1c a l  deg  m ole
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2# The a c t i v a t i o n  p a r a m e t e r s
The v a l u e s  a r e  g iv e n  i n  T a b le  1 8 ,3*
3* The p r o d u c t  a n a l y s e s
I s o l a t i o n  o f  m e th y lm e r c u r ic  c h l o r i d e  was e f f e c t e d  s im p ly  by  
e v a p o r a t i n g  t h e  r e a c t i o n  m i x tu r e  i n  t h e  s t a n d a r d  way ( s e e  s e c t i o n  1 1 . 1 , 
p age  2 4 5 ) .  T r i m e t h y l t i n  c h l o r i d e  was s u f f i c i e n t l y  v o l a t i l e  t o  be 
t a k e n  o f f  w i t h  t h e  s o l v e n t ,  l e a v i n g  j u s t  m e th y lm e r c u r i c  c h l o r i d e  i n  
7tyo y i e l d .  The p r o d u c t  h ad  a  m e l t i n g  p o i n t  o f  170°C an d  g av e  a  m ixed  
m e l t i n g  p o i n t  o f  170°C [ l i t  170°C (*175)].
T .L .C .  ( s e c t i o n  11#3» p ag e  246) on r e a c t i o n  m i x t u r e s  show ed o n ly  
one s p o t  w h ic h  was i d e n t i f i e d  a s  m e th y lm e r c u r i c  c h l o r i d e  by  c o m p a r is o n  
w i t h  an  a u t h e n t i c  s a m p le .  A sam ple  o f  t r i m e t h y l t i n  c h l o r i d e  r u n  a t  
t h e  same t im e  f a i l e d  to  p ro d u c e  any  s p o t  an d  i t  i s  p r o b a b l e  t h a t  t h i s  
compound i s  s u f f i c i e n t l y  v o l a t i l e  t o  be  l o s t  from  t h e  p l a t e .  R„ 
v a l u e s  o f  t h e s e  p r o d u c t s  a r e  g iv e n  i n  T a b le  1 8 .4*
T a b le  1 8 .4
Rj v a l u e s  o f  r e a c t i o n  p r o d u c t s
S am ples  a n a l y s e d v a l u e s  o f  s p o t s  on p l a t e
r e a c t i o n  m i x tu r e 0 . 0 7
m e th y lm e r c u r i c  c h l o r i d e 0 .0 9
t r i m e t h y l t i n  c h l o r i d e no s p o t
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SECTION .19
KINETIC RESULTS OF THE REACTION BETWEEN TETRAETHYLTIN AND MERCURIC
IODIDE IN SOLVENT ACETONITRILE
1• R a te  c o n s t a n t s  o f  t h e  r e a c t i o n  a t  25* ^0  an d  60°C
K i n e t i c  r u n s  w ere  c a r r i e d  o u t  i n  t h e  m anner d e s c r i b e d  i n  s e c t i o n  
9 (p ag e  2 3 0 ) f o r  a. s lo w  r e a c t i o n ,  r e a c t a n t  s o l u t i o n s  f o r  f o u r  r u n s  a t  
25°C b e i n g  p r e p a r e d  by  m e thod  2 (p ag e  231) and  a l l  o t h e r  s o l u t i o n s  
b e i n g  p r e p a r e d  by m e thod  1 (p ag e  2 3 0 ) ,  E x c e p t  w here  i n d i c a t e d  t o  t h e  
c o n t r a r y ,  2 cm c e l l s  w ere  u se d  f o r  t h e  a b s o r b a n c e  m e asu re m en ts*  
R e s u l t s  a r e  g iv e n  i n  T a b le s  19*1 , 19*2 and  19*3*
T a b le  19*1
R a te  c o n s t a n t s  o f  t h e  r e a c t i o n  b e tw e e n  t e t r a e t h y l t i n  ( a )  and m e r c u r i c  
i o d i d e  a t  25°C . ku =■ 2 . 0 ^ a , cr -  0 .0 2  1 m o le~ 1m in ~ 1 ; K — 8
—'25 - x  —'I
Run a  x  10 M b x 10 M 1  m ole  mino o 2
209b 8 .9 8 5 5 .9 9 6 2 .0 5
210b 9 .0 6 8 6 .0 2 2 2 .0 2
2 1 1b 9 .0 0 7 6 .0 0 1 2 .0 2
212b 9 .0 0 0 6 .0 1 0 2 .0 6
2^ 8 ^ ) 3 . 01^ 1 .5 7
2 3 9 ( ^ 4 .^ 6 2 3 .0 0 0 1 .5 8
26^ 6) 4-.510 3 .0 2 3 1 .7 5
a  s e e  p ag e  8 9 .
b R e a c t a n t  s o l u t i o n s  p r e p a r e d  by m e thod  2 ,  and  1 cm c e l l s  u sed*
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Table 19*2
Rate constants of the reaction between tetraethyltin (a) and mercuric
i o d i d e a t  kO°Q. k „ =■ 3 . 8 1 , cr =, 0 . 0 3  1 -1  . -1m ole m m  ; K = 8£_ . ..........................
Run a  x  10~5 M 0 b x 10~5 0 M k 2
-1  . -11  m ole  m m
2 6 0 ^ ^ 4 -^ 7 7 2 .9 9 2 3 .7 8
261 ^ .5 1 6 2 .9 9 8 3 . 8 4
T a b le  19*3
R a te  c o n s t a n t s  o f  t h e  r e a c t i o n  b e tw e e n  t e t r a e t h y l t i n  ( a ) an d  m e r c u r i c
i o d i d e a t  6o °C . k„ = 1 0 . 5 ,  0* = 0 . 4  1 1 -1  . -1m ole m m  ; K = 8............... . " " ....................................... . .......................................
Run a  x  10*“^  M 0 b x  TO”-5 o- M k 2
-1  -11 m ole  m m
2 6 2 ^ ) *f.520 2 .9 8 9 10*9
2 6 3 (4 6 ) 4 .5 1 0 3 .0 0 0 1 0 .1
2* The a c t i v a t i o n  p a r a m e t e r s
The v a l u e s  a r e  g iv e n  i n  T a b le  19
3* The p r o d u c t  a n a l y s e s
T .L .C .  ( s e c t i o n  11*3? Va Se 2*f6) on t h e  r e a c t i o n  m i x t u r e s  w h ic h  
had b e e n  l e f t  t o  r e a c t  a t  25°C f o r  f i v e  m on ths  showed two s p o t s ,  one 
o f  w h ich  was i d e n t i f i e d  a s  m e r c u r i c  i o d i d e  by c o m p a r is o n  w i t h  an  
a u t h e n t i c  s a m p le .  R^ v a l u e s  o f  t h e s e  p r o d u c t s  a r e  g iv e n  i n  T a b le  19*5«
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Table 19.^ -
a t  25 , ^0  and  60°Ca
A c t i v a t i o n
p a r a m e te r
t e m p e r a t u r e
i n t e r v a l
v a l u e
a 4 s
AH298
A H298
AH^
313
AS298
AS298 
£
313
AS
25  -  **0°C 
25 -  6o°C
bo - 6o°c 
25 -  bo°c 
25 -  6o°C 
4-0 - 6o°c
1 9 . 8o 8 k c a l  m ole  
1 0 .2 9 5  k c a l  m ole 
1 0 .0 8 9  k c a l  m o le ’
-1
-1
1 0 .5 0 9  k c a l  mole -1
a  S a t e  c o n s t a n t s  u s e d :  k 25
-1  —1—3 1 .2 5 7  c a l  d eg  m ole
- 3 1 .9 2 8  c a l  deg  *^mole ^
—1 —1- 3 9 *555 . c a l  deg  moLe-
1.585  k ^0  - 3 . 8 1 ;  k ®0  = 1 0 . 5 .
T a b le  1 9 .5  
Rj. v a l u e s  o f  r e a c t i o n  p r o d u c t s
Sam ples  a n a l y s e d v a l u e s  o f s p o t s on  p l a t e
r e a c t i o n  m i x tu r e 0 , 1 2 , 0 .9 7
m e r c u r i c  i o d i d e 0 .9 8
*f. S a t e  c o n s t a n t s  o f t h e  r e a c t i o n  i n  t h e  p r e s e n c e  o f t e t r a - ■ n -b u ty l
ammonium p e r c h l o r a t e  a t  25  C 
The r e s u l t s  a r e  g iv e n  i n  T a b le  1 9 .8  and  a r e  p r e s e n t e d  g r a p h i c a l l y  
i n  f i g u r e s  1 9 .1  to  19«5« The r a t e  c o n s t a n t  f o r  t h e  r e f e r e n c e  r u n  
u s i n g  t h e  same s o l v e n t  i n  t h e  a b s e n c e  o f  i n e r t  s a l t  i s  a l s o  g i v e n .
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Table 19.6
R a te  c o n s t a n t s  o f  t h e  r e a c t i o n  b e tw e e n  t e t r a e t h y l t i n  ( a )  and  m e r c u r i c  
i o d i d e  (b )  i n  t h e  p r e s e n c e  o f  te t ra r -n -b u ty la m m o n iu m  p e r c h l o r a t e  a t  25°C
Run a. x10 0 b x10~^M 0 [Bu^NClO^ >1 ps  g /rn l
* -1  -1
1 m ole min 1 S /-* 0iC2 2
264 4 ,5 1 0 3 .O23 - 0 .7 7 7 9 1 . 7 3 1 .0 0
2 6 5 4 .4 7 7 3 .0 1 9 0 .2 0 0 .7 9 7 0 2 . 0 1 .1 4
2 6 6 ^ ^  4 .4 5 9 3 .0 2 0 0 .4 0 0 .8 1 6 2 2 . 0 1 .1 4
2 6 7 (Zf6) 4 .5 1 2 3 .0 1 5 0 .6 0 0 .8 3 5 0 1 . 3 0 .7 4
26 8 (£f6) 4*476 3 .0 0 8 0 .8 0 0 .8 5 4 0 1 . 2 O.6 9
* I n i t i a l  s l o p e •
3 .  R a te  c o n s t a n t s  o f  t h e  r e a c t i o n  i n  t h e  p r e s e n c e  o f  i o d i d e  i o n  a t  2 5 °0  
S t a n d a r d  s o l u t i o n s  o f  m e r c u r i c  i o d i d e  t o g e t h e r  w i t h  p o t a s s iu m  
i o d i d e  w ere  p r e p a r e d  t o  r e a c t  w i t h  t h e  t e t r a e t h y l t i n  s o l u t i o n .
The r e s u l t s  a r e  g iv e n  i n  T a b le  19*7*
R a te c o n s t a n t s  o f  t h e
T a b le  1 9 .7
r e a c t i o n  betx\reen t e t r a e t h y l t i n  ( a )  and  m e r c u r i c
i o d i d e  i n th e  p r e s e n c e  o f  i o d i d e  i o n  a t  25°C
Runa a  x  10“ ^ M 0 b x  10~3 M [ K I ]  x  10~2 M k n 1 m o le ~ 1m in ~ 1 0 d
213 8 ,9 9 3  5*992 0 ,6 0  no r e a c t i o n  d e t e c t e d
214 S . 977  6 ,0 1 2  0 ,6 3  no r e a c t i o n  d e t e c t e d
213 8 ,9 8 3  5 .9 9 9  1 . 2  no r e a c t i o n  d e t e c t e d
a  R e a c t a n t  s o l u t i o n s  p r e p a r e d  by m e thod  2 ,  A b so rb a n c e  m e a s u re m e n ts  
made u s i n g  1 cm c e l l s .
IOC
F i g u r e  19*1 •
G raph o f  v a l u e s  o f  
k ^ t  p l o t t e d  a g a i n s t ’1'" 
v a l u e s  o f  t  f o r  
r e a c t i o n  b e tw e e n  
t e t r a e t h y l t i n  and  w  
m e r c u r i c  i o d i d e  i n  
th e  a b s e n c e  o f  
added  s a l t ,  r,J,?
Hun 2 6 k
v  t  <tCe
IOC .
ICO
t  (m in s )
loo
ico
F i g u r e  1 9 , 2 .
Graph o f  v a l u e s  o f  
k ^ t  p l o t t e d  a g a i n s t '  
v a l u e s  o f  t  f o r  
r e a c t i o n  b e tw ee n  
t e t r a e t h y l t i n  a n d '<M 
m e r c u r i c  i o d i d e  i n  
t h e  p r e s e n c e  o f  
0.2 M Bu^NClO^.
k2t  -
Hun 265
2Sk
F i g u r e  1 9 .3 -  
Graph o f  v a l u e s  o f  
k ^ t  p l o t t e d  a g a i n s t  
v a l u e s  o f  t  f o r  
r e a c t i o n  b e tw e e n  
t e t r a e t h y l t i n  and  ^  
m e r c u r i c  i o d i d e  i n  
t h e  p r e s e n c e  o f  
0 . 4 m  Bu^NClO^.
Run 266
ZOO
t  (m in s )
Sc70 ±00
k 2 t
F i g u r e  1 9 -^ -
Graph o f  v a l u e s  o f  
r  100 k ^ t  p l o t t e d  a g a i n s t
v a l u e s  o f  t  f o r
r e a c t i o n  b e tw e e n
t e t r a e t h y l t i n  and
m e r c u r i c  i o d i d e  i n
th e  p r e s e n c e  o f
0 . 6  VL Bu^NClO. •
\O0
\00
Run 267
. Z00
t  ( m in s )
k 2 t
'iCO
C 0~
F i g u r e  1 9 -5 -  
G raph o f  v a l u e s  o f  
k ^ t  p l o t t e d  a g a i n s i '  
v a l u e s  o f  t  f o r  
r e a c t i o n  b e tw ee n  
t e t r a e t h y l t i n  and  x0,7 
m e r c u r i c  i o d i d e  i n  
t h e  p r e s e n c e  o f  
0 . 8  M Bu?NC10. . I-50..
Run 268
I 00 %CC
t  (m in s )
ZOO
SECTION 20
KINETIC RESULTS OF THE REACTION BETWEEN TETRAETHYLTIN AND MERCURIC
CHLORIDE, MERCURIC IODIDE AND MERCURIC ACETATE. IN THE PRESENCE OF 
ACETIC ACID IN SOLVENT ACBTONITRILE
1• R a te  c o n s t a n t s  o f  t h e  r e a c t i o n s  a t  25 C
K i n e t i c  r u n s  w ere  c a r r i e d  o u t  i n  t h e  m anner d e s c r i b e d  i n  s e c t i o n  
9 (p ag e  2 3 0 ) f o r  & s lo w  r e a c t i o n ,  r e a c t a n t  s o l u t i o n s  b e i n g  made up i n
•~ban  8*33  x  10 M s o l u t i o n  o f  a c e t i c  a c i d  i n  a c e t o n i t r i l e  a s  s o l v e n t  
u s i n g  m e thod  2 (p ag e  23*0* A .bsorbance m e a su re m e n ts  w ere  made u s i n g  
1 cm c e l l s .
R e s u l t s  a r e  g iv e n  i n  T a b le  2 0 . 1 ,
T a b le  2 0 .1
R a te  c o n s t a n t s  o f  t h e  r e a c t i o n  b e tw e e n  t e t r a e t h y l t i n  ( a )  an d  m e r c u r i c
c h l o r i d e ,  m e r c u r i c  i o d i d e  and  m e r c u r i c  a c e t a t e (b )  i n  t h e  p r e s e n c e  o f
n8 .3 3  x  10  M a c e t i c  a c i d  a t 25°C
Runa a  x 10~3 M 0 b x  10~3  M0
-1  -1k 2 1  m o le  m in
2*f7, 9 . 0^3 3 .9 7 2  HgCl2 1 .1 1 9
Zh8 8 .9 8 6 5 .9 8 5  HgCl2 1 .1 1 7
2^9b 8 .9 9 1 5 .9 9 7  H gl2 2 .0 6
230b 8 .9 7 3 5 . 98b. H g l2 2 .0 6
251 8 .9 3 1 6 .0 1 2  Hg.(0A c ) 2 *U97
252 8 .9 6 0 6 .0 1 2  H g(0Ac) 2 5 . 0 8
a  R e a c t i o n s p e r fo rm e d  i n /* -If p r e s e n c e  o f  0 . 6  x  10 M q u i n o l .
b An e q u i l i b i r u m  c o n s t a n t  o f  8 was u s e d  i n  o b t a i n i n g  r a t e  c o n s t a n t s ,
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2* The p r o d u c t  a n a l y s e s
T .L .C .  ( s e c t i o n  11*3» Pa ge 246) on a  r e a c t i o n  m i x tu r e  r e s u l t i n g  
f rom  t h e  u s e  o f  m e r c u r i c  a c e t a t e  showed o n ly  one s p o t .  By c o m p a r is o n  
w i t h  a n  a u t h e n t i c  sa m p le  i t  was shown t h a t  t h i s  was n o t  m e r c u r i c  
a c e t a t e .  v a l u e s  a r e  g iv e n  i n  T a b le  2 0 . 2 .
T a b le  2 0 .2
R j v a l u e s  o f  p r o d u c t  f rom  r e a c t i o n  o f  t e t r a e t h y l t i n  and  m e r c u r i c
a c e t a t e
Sam ples  a n a l y s e d v a l u e s  o f  s p o t s  on p l a t e
r e a c t i o n  m i x tu r e 0 .1 8
m e r c u r i c  a c e t a t e 0.01
SECTION 21
GEOMETRICAL ANALYSIS OF THE TRANSITION STATE MODEL FOR THE ALPHA
CARBON SERIES
1• The m odel
F i g u r e  21*1 shows th e  t r a n s i t i o n  s t a t e  m odel f o r  an  e l e c t r o p h i l i e  
s u b s t i t u t i o n  r e a c t i o n  w i t h  an  e t h y l  g ro u p  u n d e r g o in g  a t t a c k .  F o r  th e  
p u rp o s e  o f  r e f e r e n c e  t h e r e  i s  d e f i n e d  ( 1 5 ) t h e  " r e a c t i o n  p l a n e "  
th ro u g h  C and  t h e  two m e rc u ry  a tom s and  a  "m ed ian  l i n e "  on  i t ,
t h r o u g h  Ca  an d  s y m m e t r i c a l l y  b e t i^e en  t h e  m e rc u ry  a to m s .  T h e re  i s
a l s o  d e f i n e d  a  "m ed ian  p l a n e " *  c u t t i n g  t h e  r e a c t i o n  p l a n e  p e r p e n d i c u l ­
a r l y  a l o n g  t h e  m e d ian  l i n e .
The (3 m e th y l  g ro u p  i s  a b l e  to  r o t a t e  a b o u t  t h e  m e d ian  l i n e  and  
so  i t s  d i s t a n c e  from  th e  in c o m in g  (and  th e  o u t g o i n g )  g ro u p  w i l l  v a r y  
a s  some f u n c t i o n  o f  th e  a n g l e  o f  r o t a t i o n ,  w h ic h  i s  t h e  a n g l e  b e tw e e n  
th e  m e d ian  p l a n e  and  t h e  p l a n e  t h r o u g h  th e  m e d ian  l i n e  and  c o n t a i n i n g  
t h e  p c a rb o n  atom  ( te rm e d  th e  " r e f e r e n c e  p l a n e " ) .
I n  f i g u r e  2 1 .2  i s  shown a  g e o m e t r i c a l  c o n s t r u c t i o n  o f  t h e  t r a n s ­
i t i o n  s t a t e  m odel and  shows th e  a n g l e  o f  r o t a t i o n ,  ^ . The p o s i t i o n  
o f  t h e  e n t e r i n g  g ro u p  (g )  i s  d e f i n e d  r e l a t i v e  to  t h e  a t t a c k e d  c a r b o n  
atom  (o )  i n  te rm s  o f  t h r e e  r e c t a n g u l a r  c o o r d i n a t e s  o i ,  i h ,  hg
( l e n g t h s  a ,  b ,  c ,  r e s p e c t i v e l y )  a l t h o u g h  f o r  t h e  i l l u s t r a t i n g  c a s e  i n
f i g u r e  2 1 .1  hg  w ould  be z e r o .
The d i s t a n c e  gm ( l e n g t h  r )  w i l l  be  e x p r e s s e d  i n  te rm s  o f  t h e  
l e n g t h s  a ,  b ,  c ,  t h e  C -CM bond l e n g t h  d ,  t h e  a n g l e  , and  t h e  a n g l eOu p I
b e tw e e n  th e  C -CM bond and  t h e  m ed ian  l i n e ,  Q„.a p 7 1
* E q u i v a l e n t  t o  t h e  " s y m m e t r i c a l  p l a n e "  o f  Hughes and  V o lg e r  (1 5 )  •
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2. The r e l a t i o n  between th e  model a n g le s  6 ^, c ^  ( f i g  2 1 .2 )
I n  A mon
c o s (180 -  6^) = -  cos 6  ^ = — ■ 21 . 1,
I n  A jo n
cos(180 - cr^ ) = *- cos cr^ = S2. 21.2
E q u a tin g  21.1 and 21 .2  th ro u g h  n o :
j o . c o s  <Tj = mo, cos 0 ^
mocos <r^  = cos 0 j^
cos 0 .
cos cr = ----------  21.3
cos \Jr
I n  A k o l
KL
ko
In  A jom
tan t}r. = 4^1 j o .
S ince  k l  = jm th e n
k o . t a n  ^  = j o . t a n  ^
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ko t a n  
ta n
But ko = jn ,  and from A jon
= s i n ( l 8 0  -  cr jo  v
ta n  i|r.
s i n  cr = ^
 ^ t a n  ^
2 2Now 1 = s i n  cTj + cos cr^  and from eq u a t io n s  2'
2 2 t a n  ijr. cos 0 .
! s   - 1  +  1
t a n  ^  cos ^
2 . 4sec  ^  -  1 2 2
__---------- —-------- + sec  ljf - • cos (
t a n  ^
2 / 2  2 2t a n  p ,j = sec  ^  -  1 + s e c  If^.cos (
2 2 2 - = sec  ^ [ 1  + cos G^.tan"
2 /  2 2 2 1 + t a n  p^ = se c  \jr^  [1 + cos 8^ . t a n  jz^]
2 2 2 2sec  = sec  ^ [ 1  + cos G ^.tan
0 1 + cos2 0 . t a n 2
cos"  *---=----------------------------------
sec  p^
2 2 2 1 + cos 6 . . t a n  f .
1 -  s i n  ^  = --------------2
sec
2 2 2 1 f- c o s  8- . t a n  ^
s i n  ^  = 1 -----------------2"
sec
4
) = s in  (Tj
21.4
.3  and 21.4
1
^ . t a n 2 ^
292
2 s e c 2 -  1 -  co s2 0 . . t a n 2
s i n  * = -------------------- — — ---- J u 1
s ec
ta n ^  -  cos . t a n  ^
= —
sec  p 1
• 2 v . 2 „= s i n  p.* s i n  G.1 1
s i n  = s i n  ^ . s i n  6  ^ 21 i 5
'=-■■'■ 1 "■ V—. '' C3=---'-—=;:==■■=
3. The e x p re s s io n  f o r  th e  d i s t a n c e  gm ( f i g  21 .2 )
I n  th e  t rap e z iu m  fgmj
(gm) 2 » ( f j ) 2 + ( jm -  f g ) 2
( f j ) 2 + ( j m) 2 + (^ g ) 2 -  2 , jm .fg  21.6
But from th e  t rap e z iu m  f i n j
( f  j ) 2 = (no + i o ) 2 + ( j n  -  f i ) 2
= (no ) 2 + ( i o ) 2 + 2 , n o . i o  + ( j n ) 2 + ( f i ) 2 -  2 . j n . f i
2 2 2A lso , from A jmn ( j n )  = (mn) -  (jm)
2 2 2and from A mon (mn) = (mo) -  (no)
so t h a t  ( j n ) 2 = (mo) 2 -  (n o ) 2 -  ( jm )2 .
293
^ 2
S u b s t i t u t i n g  f o r  ( f j )  and ( j n )  i n  e q u a t io n  21 ,6
(gm) 2 = J ^ f 2 + ( i o ) 2 + 2#no*io + (mo) 2 -  -  (js l) 2 + ( f i ) 2 -
2 . j n . f i  + ('jrf) 2 + ( f g ) 2 * 2 . jm .fg
= ( i o )  + ( fg )  + ( f i )  + (mo) + 2 , n o , i o  -  2 . j n . f i  -  2 , jm .fg
S ince  A jmn i s  cong ruen t w i th  A k l o ,  th e n  jn  = 
and from e q u a t io n  21*1 i t  i s  seen  t h a t  no = -  mo.cos 
t h e r e f o r e  s u b s t i t u t i n g  f o r  jn  and no
(gm) 2 = ( i o ) 2 + ( f g ) 2 + ( f i ) 2 + (mo) 2 -  2 .m o . io ,c o s  0  ^ -  ~ 2
= ( i o ) 2 + ( f g ) 2 + ( f i ) 2 + (mo) 2 ~ 2 . m o . io .c o s  0  ^ -  2 .
I n  A jom
jm = m o .s in  ijr^
and s u b s t i t u t i n g  s i n  0  ^• s i n  ^  f o r  s i n  ^  from e q u a t io n  21.5
jm s  m o .s in  8^ . s i n  fay
2S u b s t i t u t i n g  f o r  jm i n  th e  e x p re s s io n  f o r  (gn)
*jm .fg  
+ fg )
(gm) 2 = ( i o ) 2 + ( f g ) 2 + ( f i ) 2 + (mo) 2 -
2 .m o [ io .c o s  0  ^ + s i n  0^ ( f i . c o s  fa^  + f g , s i n  fa^)]
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Now gm = r , i o  = a ,  f g  = b ,  f i  = c ,  mo = d and so
r 2 , 2  2 ,2x = J  a  + b + c + d -  2 , d [ a . c o s  0  ^ + s i n  0^ ( b , s i n  ^  + c . c o s  A , ) ]  21-7
“14 .  The e x p re s s io n  f o r  cos -g- 
The ang le  gom i s  a^ ,
Erom th e  c o s in e  r a l e
cos = Ib ° ) L +
1 2 . mo. go
E x p re s s in g  axj i n  h a l f  an g le s
2 ®12 . cos —  -  1 Ig g ) - .  + l g g ) — r. i m ) :2 . mo. go
05,
cos
2 2 2 (mo) + (go) ~ (gm) 4- 2 . mo.go
4 , mo, go
I n  te rm s o f  a ,  b ,  c ,  d , r
cos
2 I 2 2 2 o * 2 t 2 Sa + b + c - { - d - r  + 2 ,dv/a + b + c
4 ,d  J ?  c2
21 .8
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SECTION 22
GEOMETRICAL ANALYSIS OF THE TRANSITION STATE MODEL FOE THE BETA
CARBON SERIES
1 • The m odel
F i g u r e  2 2 ,1  shows t h e  t r a n s i t i o n  s t a t e  m odel f o r  a n  e l e c t r o p h i l i c x  
s u b s t i t u t i o n  r e a c t i o n  w i t h  an  n - p r o p y l  g ro u p  u n d e r g o in g  a t t a c k .  N ot 
o n ly  i s  t h e  (3 c a rb o n  atom  a b l e  t o  r o t a t e  a b o u t  th e  m e d ian  l i n e ,  b u t  
che Y m e th y l  g ro u p  i s  a b l e  t o  r o t a t e  a b o u t  t h e  a x i s .  The
d i s t a n c e  b e tw e e n  t h e  y  c a rb o n  atom  and th e  in c o m in g  ( a n d  t h e  o u t g o i n g )  
g ro u p  w i l l  v a r y  a s  some f u n c t i o n  o f  t h e  a n g l e s  o f  r o t a t i o n  a b o u t  t h e  
a x e s  i n d i c a t e d ,  and  i n  t h i s  s e c t i o n  a n  e x p r e s s i o n  w i l l  be  d e r i v e d  f o r  
t h i s  d i s t a n c e .
I n  f i g u r e  2 2 ,2  i s  shown a  g e o m e t r i c a l  c o n s t r u c t i o n  o f  t h e  t r a n s ­
i t i o n  s t a t e  m o d e l .  The p a r a m e t e r s  a ,  b ,  c ,  d ,  6^ ,  r e m a in  a s  
p r e v i o u s l y  d e f i n e d .  The a n g l e  o f  r o t a t i o n ,  d e f i n e d  a s  t h e
a n g l e  b e tw e e n  t h e  r e f e r e n c e  p l a n e  ( d e f i n e d  on page  2 8 7 ) an d  t h e  p l a n e  
c o n t a i n i n g  t h e  atom  i n t e r s e c t i n g  w i t h  t h e  r e f e r e n c e  p l a n e  a l o n g
t h e  C -C . a x i s ,  a  {3
I n  t h e  f o l l o w i n g  t r e a t m e n t  i t  i s  i n t e n d e d  t o  e x p r e s s  t h e  p o s i t i o n
o f  t h e  Y m e th y l  g ro u p  (M) i n  te rm s  o f  t h e  t h r e e  r e c t a n g u l a r  c o o r d i n a t e s
o f  o r i g i n  o u s e d  p r e v i o u s l y  t o  e x p r e s s  t h e  p o s i t i o n  o f  g ; t h e s e  w i l l
be te rm e d  M , M , M ( f i g u r e  2 2 . 3 ) .  The d i s t a n c e  gli ( l e n g t h  R) yz> xz. xy
w i l l  t h e n  be g iv e n  by
gM = ( a  +. M ) 2 + (b  -  M ) 2 + (o -  M ) 2  3 Ryz xz xy 2 2 .1
296 .
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F i g u r e  22 ,3*  The r e c t a n g u l a r  c o o r d i n a t e s  M , M and  M .y z ’ xz  xy
2 .  The e x p r e s s i o n  f o r  t h e  d i s t a n c e  gM ( f i g u r e  2 2 .2 )
C o n s id e r  t h e  l i n e  oM.
I t  c an  be s e e n  by t h e  p r o j e c t i o n  i n  t h e  d i r e c t i o n  o f  t h e  y  a x i s  
o f  omM o n to  th e  r e f e r e n c e  p l a n e  ( f i g u r e s  2 2 .4  and  2 2 . 3 )  t h a t
( a )  t h e  h e i g h t  o f  M1 on t h e  r e f e r e n c e  p l a n e
= mo.cosC©^ -  90) +: m N .c o s (6  ^ -  90) + J*N -k J W . s i n O ^  -  9 0 ) .
T h e r e f o r e  th e  h e i g h t  o f  M1 above  t h e  xy  p l a n e  
= [(mo +:- mN). c o s ( 0^ -  90) + J fN + J , M, . s i n ( 0 <j -  9 0 ) ] . c o s  
= t h e  h e i g h t  o f  M above  th e  xy  p l a n e
(b )  t h e  d i s t a n c e  o f  Mf from  t h e  yz  p l a n e
= m o . s i n ( 0  ^ -  90) + m N .s in (0 ^  -  90 )  -  J tM, .c o s ( 0 , j  -  90) 
= t h e  d i s t a n c e  o f  M fro m  t h e  yz  p l a n e  
= M .
yz
( c )  t h e  d i s t a n c e  o f  M from  t h e  xz  p l a n e
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„R E F E R E N C E _R L A N E
0t-9O.
o
F i g u r e  2 2 . 3 .  The p r o j e c t i o n  i n  t h e  d i r e c t i o n  o f  t h e  y a x i s  o f  omM
upon t h e  r e f e r e n c e  p l a n e .
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How s in (0 ^  -  90) = -  cos 0^
and cos(  -  90 ) = s i n  0^.
Summarising and p u t t i n g  mo = ds
M = [ (d  + mH). s i n  0  ^ + JUT -  J*M*.cos O ^ .c o s  ^
M s  [ (d  + m H ).s in  0. + JUT -  J*M* .c o s  0 „ ] , s i n  -  —.— -7-xz '  1 1 ^ 1  s i n
M = -  [ (d  + mH).cos 0  ^ 4* J ’M* . s i n  6^]
P u t t i n g  Mm = e ,  th e n  mLT, JUT and J*Ml can he  ^ .rp ressed  i n  terms, 
e ,  02 , ^  and / g s
mlT = e . c o s ( l8 0  -  0^) = -  e .c o s  0^
J fN * JIT.tan ^  = L P .tan  ^  = L m .s in (360 -  ^ ) . t a n  ^
= -  Lm .sin  j ^ . t a n  ^  = -  e . s i n  O ^ .s in  ^ t \,wx ^
J 'W  ~ mP = Lm.cos(360 -  ^  = e . s i n  O^.cos ^
Summarising s
i f  * -  e ,c o s  0g
JUT = -  e . s i n  Q^. s i n  / ^ . t a n  ^
J !Ml = e . s i n  ©^.cos ^
22.2
22.3
22 .4
o f
22 .5
22 .6  
22 .7
S u b s t i t u t i n g  f o r  mKT, JUT and J'M* i n t o  e q u a t io n s  2 2 .2 ,  22 .3  and 22 ,4s
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M = [ (d  -  e . c o s  02) . s i n  0  ^ -  e . s i n  e ^ . s i n  / 2 » tan  -
e . s i n  O^.cos / 2#cos 0^ ] , c o s  ^
t= d . s i n  G^.cos ^  -  e .  [cos / ^ ( s i n  G^.cos Gg +
cos G ^ .s in  Gg.cos / 2 ) + s i n  jz ^ .s in  / 2 . s i n  ^
Mxz s  [ ( d  -  e . c o s  02 ) . s i n  0  ^ -  e . s i n  02 . s i n  / 2 * tan  ^  -
e . s i n  02#s i n  /^2 * tan
e . s i n  0o .c o s  jz^.cos 0 . 1 . s i n  eT + -----*----------- - ---------------------d ' d 1 '  1 /s i n
= d . s i n  G ^ .s in  -  e , | s i n  G^.cos 02 . s i n  +
/ / / f s ia 2 ^ i  1 \cos G . . s i n  G ^ .s in  p . . c o s  p 0 + s i n  0o , s i n  p j . ----------  -   11 d i d d ' d> j  j^cos P1 cos P1 j
s  d . s i n  G ^ .s in  -  e , [ s i n  Q^.cos e 2 , s i n  ^  +
cos G ^ .s in  02 . s i n  j ^ . c o s  ^2 -  s i n  02 ,c o s  ^ . s i n  / 2]
M = -  [ ( d  -  e .cos. g 2 ) . c o s  0  ^ + e . s i n  G ^ .s in  Gg.cos / 2]
= -  d .c o s  G^  + e . ( c o s  G^.cos 02 -  s i n  G ^ .s in  Gg.cos ^ 2)
Having e x p re s se d  M , M and M i n  te rm s o f  th e  p a ra m e te rs  xy yz zx
a ,  b ,  c ,  d, e ,  ^ 2 , G^  and ©2 , i t  i s  p o s s i b l e  t o  ex p re ss  t h e  d i s t a n c e  
gM (R) i n  te rm s o f  th e s e  p a ram e te rs  by  s u b s t i t u t i o n  i n t o  e q u a t io n  22 . 1 .
23. The expression for cos -tt
Wg i s  th e  a n g le  between th e  p la n e  c o n ta in in g  go and th e  p la n e  
c o n ta in in g  mM i n t e r s e c t i n g  a lo n g  mo, i . e .  i t  i s  t h e  d ih e d r a l  an g le  
betw een go and mM,
(Og can be r e s o lv e d  i n t o  two component a n g le s ;  th e  ang le  between 
th e  p la n e s  gom and omlui ( f i g u r e  22 . 6) ,  i . e .  t h e  an g le  e ,  and th e  an g le  
betw een th e  p la n e s  Mmo and omlui ( f i g u r e  22 . 2 ) ,  i . e .  t h e  an g le  ®le
an g le  i s  g iven  by
e can be e x p re s se d  as fo l lo w s ;
3 0 k
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Now sin co.j requires expression in terms of a, b, c, d, and
On page 294 i t  h a s  been seen t h a t
cos CO (mo) ■+ (go.). -  (gm) 12 . mo.go
and by s u b s t i t u t i n g  th e  le n g th s  a ,  b ,  c ,  d* and r
C O S  (0 .j =
2 . 2  2 - 2 - 2  a  + b  + c + d -  r
2d p .  T2 TJQ. + D + C
S u b s t i t u t i n g  f o r  r  from e q u a t io n  21 ,7  and th e n  s im p l i f y in g
C O S  0 )^  =
a .c o s  0  ^ + ( b . s i n  ^  + c .c o s  ^ ) . s i n  0^
  T
*/ a  + b -t* c
2 2and s in c e  s i n  co^  = 1 -  cos co ,^ th e n
s m  (0
a 2 2 4 + b + c -  [ a .c o s  0  ^ + ( b . s i n  ^  + c .c o s  / ^ ) . s i n  0^]'
2 . 2  2 a  + b -{- c
S u b s t i t u t i n g  f o r  s i n  co^  i n  th e  e x p re s s io n  f o r  th e  an g le  e?
e = s m -I .
e . s i n  ^  -  b .c o s  ^
| ^ J ?  + b f  F  -  [ a .c o s  0  ^ + ( b . s i n  + c .c o s  ^ ) . s i n  6^]
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Since  th e  d ih e d r a l  ang le  i s  r e q u i r e d  to  have a  v a lu e  betw een 0 and % 
r a d i a n s  th e n  oc^  i s  g iven  by  th e  g e n e ra l  e x p re s s io n
Wg = 2n7C -  e -  / g
where n  t a k e s  an i n t e g r a l  v a lu e  such t h a t  0  ^  = %•
Thus cog i s  t o t a l l y  expressed?
e . s i n  -  b . c o s  ^-1tog = 2nrc -  s i n 2a + b + c -  [ a .c o s  6  ^ + ( b . s i n  ^  + c .o o s  ^ ) , s i n  0^ ] ‘ 
-
PROGRAMJffiTG NOTEs-
The s o lu t i o n  f o r  r  ( e q u a t io n  21 .7  i s  b u t  a  s p e c i a l  case  o f  th e  
s o lu t i o n  f o r  R, e q u a t io n  22,1 i n  i t s  s u b s t i t u t e d  form (page 3 0 2 ) ,  i n  
’which d i s  p u t  eq u a l  t o  z e ro ,  0  ^ = %9 and ^  = 0 w h ile  e r e p r e s e n t s  
th e  d o f  e q u a t io n  21,7  and l i k e w is e  and ^  r e p r e s e n t  0  ^ and 
As such , e q u a t io n  22.1 i s  u se d  to  d e s c r ib e  b o th  th e  a  and {3 c a s e s  i n  
th e  p rocedu re  Romega ( a , b , c ) ,  PROGRAMS 4> 5 and 6 .
There i s  no s i m i l a r  co rrespondence  between oo^  and cog.
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SECTION 23
GEOMETRICAL ANALYSIS OF THE TRANSITION STATE MODEL WITH REFERENCE TO
THE ENTERING AND LEAVING GROUPS
The p o s i t i o n s  o f  a tom s i n  t h e  e n t e r i n g  and  l e a v i n g  g ro u p s  w i l l  be  
d e f i n e d  i n  te rm s  o f  t h e  r e c t a n g u l a r  c o o r d i n a t e s  a ,  b ,  c ;  e a c h  atom  i s  
r e g a r d e d  a s  t h e  p o i n t  g  (p a g e  287  e t  s e q ) .
1• The RHgBr/HgBr^ m o d e ls
a )  The Hughes and  V o lg e r  (o g e n )  model.
m e d ian  l i n e
S u b s c r i p t s :
L -  l e a v i n g  
E -  e n t e r i n g
EU -  e n t e r i n g ,  u p p e r  atom  
EL -  e n t e r i n g ,  lo w e r  atom  ~--nTiiili
F i g u r e  23*1* G e n e ra l  c o n f i g u r a t i o n  o f  t h e  t r a n s i t i o n  s t a t e  m o d e l .
The p o s i t i o n  o f  Hg_ i s  r e p r e s e n t e d  by th e  c o o r d i n a t e s  a 1, b * ,  a * .  
The c o o r d i n a t e s  o f  a l l  e n t e r i n g  and  l e a v i n g  a tom s a r e  g i v e n  i n  T a b le  
2 3 . 1 .
Table 23. 1
Coordinates of the atoms in figure 23*1
Atom c o o r d i n a t e s
a = a*
b =- +. b f
c = 0
B r „ ITl Br.^T EU* EL a = a 1 + 2 .A-5 . c o s  ( 70° )  . c o s Y
b =s-b* +. 2 . ^ 5 *c o s ( 7 0 ° ) •  s i n Y
c = +. 2 . ^ 5 . s i n ( 70° )
3 r TJb a =- a 1 + 2 .A-0 . c o s  Y
b = -  b f -  2 .^ -O .s in  y
c = 0
b )  The J e n s e n  and R ic k b o rn  ( c y c l i c )  m odel
■or.
2 .^ 5 !
2 .7 5  
^ 3 r .
2 .7 5
Br.E
S u b s c r i p t s :
B -  b r i d g i n g
F i g u r e  2 3 . 2 .  G e n e ra l  c o n f i g u r a t i o n  o f  t h e  t r a n s i t i o n  s t a t e  model..
The c o o r d i n a t e s  o f  a l l  e n t e r i n g  and  l e a v i n g  a tom s a r e  g i v e n  i n  
T a b le  2 3 . 2 .
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Table 23>2
Coordinates of the atoms in figure 23.2
Atom c o o r d i n a t e s
j % L a s  i n  T a b le  23*1
B rv a  — a*Sh
b =. b* + Z .k 5
c =. 0
B rB a  =. a ’ +x/~2 , 75^ -  b ,B
b =  0
o >> O
T>.*_^ r TLi a  — a 1
b =* -  b 1 -  2 .^ 5
c — 0
2* The RHgBr/HgBr^ /Br*" m ode ls
a )  The Hughes and  Vo3.ger (mono) c y c l i c  m odel
Br,
P -A 5 1
Br.EU
2 .5 2
BnEL
'B rSU
H4  j i o 9 ° 28 t
'B rEL
F i g u r e  23«3» G e n e ra l  c o n f i g u r a t i o n  o f  t h e  t r a n s i t i o n  s t a t e  m o d e l .
The c o o r d i n a t e s  o f  a l l  e n t e r i n g  and  l e a v i n g  g ro u p s  a r e  g i v e n  i n  
T a b le  23 .3*
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Table 23.3
Coordinates of atoms in figure 23*3
Atom c o o r d i n a t e s
HgE , ngL a s i n T a b le 23 • 2
B rE 0’B rEL a. :- a. t
b = b 1 +■ 2 . 5 2 . c o s ( 5 ^ ° ) =- b* + 1 .h 57k
c : 2 . 5 2 . s i n (5k° ' ) a- + 2 .0 5 7 7
B rB a s i n T a b le 23 . 2
B rTjLf a s i n T a b le 23 . 2
b )  T h e _ J e n s e n _ a n d .R ic k b o r n  b i c ^ c l i c  model!
B r T
2 A 5 \  2 .7 5
-Hg- ,Br.BU
\ a
Br.BL
2 .7 5
S u b s c r i p t s :
BU -  b r i d g i n g ,  u p p e r  atom  B r^
BL -  b r i d g i n g ,  lo w e r  atom
F i g u r e  23.^-. G e n e r a l  c o n f i g u r a t i o n  o f  t h e  t r a n s i t i o n  s t a t e  m o d e l .
The c o o r d i n a t e s  o f  a l l  e n t e r i n g  and  l e a v i n g  a tom s a r e  g i v e n  i n  
T a b le  23.4-.
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Table 23.^
Coordinates of atoms in figure 23.^
Atom c o o r d i n a t e s
a s  i n  T a b l e  2 3 * 2
b * e a s  i n  T a b l e  2 3 * 2
B rBU, B r BL a = a r +. s /7 . 3 6 2 3 . c o s 2 a  -  b B
b = 0
c = 2 . 7 5 * s i n  cl
E rT
J-l
a s  i n  T a b le  2 3 * 2
3• The R H g B r/H g B ry ^B r m o d e l .
Br,
2 . 3 2
LU
Br.LL
Br.EU.
S u b s c r i p t s :
LU -  l e a v i n g ,  u p p e r  a tom
Br.ELLL -  l e a v i n g ,  lo w e r  atom
B m e d ia n  l i n e
F i g u r e  2 3 .5 •  G e n e ra l  c o n f i g u r a t i o n  o f  t h e  t r a n s i t i o n  s t a t e  m o d e l .
The c o o r d i n a t e s  o f  a l l  e n t e r i n g  and  l e a v i n g  a to m s  a r e  g i v e n  i n  
T a b le  2 3 .3 *
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Table 23>3
Coordinates of atoms in figure 23.5
Atom c o o r d i n a t e s
Kg-g » a s  i n  T a b le  2 3 .3
B rEU,B rEL a s  i n  T a b le  2 3 .3
B"B a s  i n  T a b le  2 3 .3
B rLU,B rLL a  = a !
b = -  b f -  2 . 5 2 . c o s (5 ^ °  ^ ’ ) ~  -  b* -  1 .^ 5 7 ^
c = + 2 , 5 2 . s i n ( 5 ^ °  ^ ’ ) = + 2 .0 5 7 7
^ • The 'RSnMe^/HgX ,^ m o d e ls
Me.
Me,
Me.
m e d ia n  l i n e
F i g u r e  2 3 . 6 ,  G e n e ra l  c o n f i g u r a t i o n  o f  th e  t r a n s i t i o n  s t a t e  m o d e l .  
The l e n g t h  o f  t h e  C -S n  b r e a k i n g  bond i s  r e p r e s e n t e d  by  f .Or
The c o o r d i n a t e s  o f  a l l  e n t e r i n g  and  l e a v i n g  a tom s a r e  g i v e n  i n  
T a b le  2 3 . 6 ,
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Table 23*6
Coordinates of atoms in figure 23*6
Atom o r  c o o rd in a te s  
group
Hgg as i n  T ab le  23.1
d /  I  + %)
a  = a* - 2 ,3 3 [cos y *cos 64 ~ sin Y#s^n 84*008 
b = b 1 -  2 , 3 3 [ s i n  y»cos 64 + cos Y«s i n 6 ^ * cos 
c = -  2 , 33 . s i n  j ^ . s i n  0^
¥  0^4 Si=/»  /  + *)
a  = a* -  2*65[cos  y » c o s  64 s i n  Y«s i n  O^.cos
b = b* -  2 , 65 [ s i n  y*cos ®a + cos Y*s i n 0 .«cos jS.]
4 4 4
c = ■- 2 . 65 . s i n  / ^ . s i n  0^
Sn^ a  = f . cos y
b = f . s i n  y
c = 0
MeL* (^ 3 s= A  /  + /  + 4p)
a  =  f . c o s  y  -  2 . 16 [cos y * ° o s  Q3  ~  s i n  Y«s i n  Q^.cos
b = -  f . s i n  y +  2 .1 6 [ s in  y * c o s  0^ + cos Y»sin O^.cos / ^ ]
c = 2 . 16 , s i n  j&y s i n  0^
* These e x p re s s io n s  have been d e r iv e d  u s in g  th e  e q u a t io n s  on page 302 s
a  = -  M . b s  + M , c = + M , j z 9 x z f xy
F or  Clg and 1^, ds= a f^ + b 1^  + c*^ | es= 2 .33  o r  2,- 65? f i y -  p  := Y?
^ 2 :~ ^ 4 J 62 := 04 *
F or Me^, ds= f ;  es= 2 .1 6 ;  ^ ; =  — } 0  ^:= y> ^ 2 :== ^3* 02 :=03 '
nb . /  i s  a  r e a l  v a r i a b l e  and t a k e s  th e  i n i t i a l  v a lu e  o f  f i y  e t c ,  a t
a p p r o p r ia te  p o in t s  i n  th e  computer program s. I t  has  no c o n n e c t io n  w i th  
t h e  /  on page 157*
SECTION 24
THE NON-BONDED INTERACTIONS AND THEIR EVALUATION
1• The b a s i c  f u n c t i o n s
The f o l l o w i n g  f o u r  n o n -b o n d ed  f u n c t i o n s  have  b e e n  s e l e c t e d  from  
t h e  l i t e r a t u r e :
H/H (1 5 0 )
12
Vr. =- 6 4 .5  x \ (  ^ -  2 x  J i c a l  mole3>06 V r
-1 2 4 .1
Me/Me (1 5 1 )
Vr =- 11880 x  eflfln _  - 3 . 3 2 9 5 . r
127.6
eV m o le c u le -1
127.6
= 23050  x  (11880  x  e “ 3 , 3 2 9 5 *r  -   g— ) c a l  mole 2 4 ,2
B r /B r  ( 7 8 )
16Vr = 4 x  520 x  1 .3 8 0 4  x 10 x j u 268  \12  / *f.2 6 8 \ 6r  / \ r  i e r g  m o le c u le
-1
= 2 1 4 6 .2 0 1 7 5  x /4 .2 6 8  I r I "  -  (
^ . 2 6 8  \ i , v -1— ----- I c a l  mole.r  , j 2 4 ,3
Hg/Hg (1 5 2 ,1 5 3 )
16Vr =• 4 x  850  x  1 ,3 8 0 4  x  10 x f2 .9 0  \12 / 2 . 9 0 \ 6r  / e r g  m o l e c u le
-1
= 6756 .561  x
1? , 6 ’2 .9 0 \  _ / 2 .9 0
~ \ 3I r c a l  mole
-1 2 4 .4
w here  Vr i s  t h e  p o t e n t i a l  e n e rg y  and  r  i s  t h e  d i s t a n c e  ( i n  &) b e tw e e n  
th e  c e n t r e s  o f  t h e  i n t e r a c t i n g  s p e c i e s .
2. Adaptation of the basic functions to set the minima at Riven
n o n -b o n d e d  d i s t a n c e s  
The f u n c t i o n s  2 ^ . 1 ,  2k , 2,  2k , 3 a n d 2k , k  a r e  u s e d  to  r e p r e s e n t  
h y d ro g e n  to  h y d ro g e n ,  m e th y l  to  m e th y l ,  h a lo g e n  t o  h a lo g e n  and  m e ta l  
t o  m e ta l  i n t e r a c t i o n s ,  r e s p e c t i v e l y .  The p o s i t i o n  o f  t h e  minimum o f  
e a c h  f u n c t i o n  c a n  be s h i f t e d  by  a  p o s i t i v e  am o u n t,  z ,  ( t o  c o i n c i d e  
w i t h  a  g r e a t e r  n o n -b o n d e d  d i s t a n c e )  by s u b s t i t u t i n g  r  w i t h  (r. -  z ) .
I n  T a b le  2k , 1 a r e  shown t h e  v a l u e s  o f  z u s e d  i n  t h e  e v a l u a t i o n  o f  e a c h  
n o n -b o n d e d  f u n c t i o n  t o  s e t  t h e  m inim a a t  t h e  Van d e r  W aals  s e p a r a t i o n s  
( i . e .  tw ic e  t h e  Van d e r  W aals  r a d i u s )  s e l e c t e d  ( s e e  p a g e  1 3 1 ) •
T a b le  2 4 .1
V a lu e s  o f  z u s e d  t o  s h i f t  t h e  m in im a o f  t h e  n o n -b o n d e d  f u n c t i o n s
B a s ic
f u n c t i o n
minimum
2
r e p r e s e n t e d
f u n c t i o n
s e l e c t e d
• . 9minimum, A
z
a
H/H 3 . 0 6 0 E/H 2 .*f00 -  0*660
Me/Me ^ .2 0 5 Me/Me 4-.000 -  0 .2 0 3
B r /B r k ,7 9 0 C l /C l 3 .5 0 0 -  1 .2 9 0
3 r / B r 3 .7 0 0 -  1 . 0 9 0
1 / 1 3 .9 2 0 -  0 . 8 7 0
I-Ig/Hg 3 .2 3 5 Hg/Hg 3 . 0 0 0 -  0*255
S n /S n 3 . 2^0 -  0 .0 1 5
3 .  The m ixed  f u n c t i o n s
The p o s i t i o n  o f  t h e  minimum o f  a  n o n -b o n d e d  f u n c t i o n  i s  t h e  sum 
o f  t h e  Van d e r  W aals r a d i i  o f  t h e  two c o n t r i b u t i n g  g r o u p s  o r  a to m s .  
T a b le  6 . 1 , p ag e  131» g i v e s  th e  s e l e c t e d  Van d e r  W aals  r a d i i  o f  e a c h  
c o n t r i b u t i n g  g ro u p  and  a to m . T a b le  2 ' f .2  su m m a r is e s  th e  Van d e r  W aals
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separations for the mixed functions to be considered.
T a b le  2 k . 2.
The n o n -b o n d e d  d i s t a n c e s  f o r  t h e  m in im a o f  m ixed  f u n c t i o n s .  (The sum­
med Van d e r  W aals  r a d i i  o f  t h e  i n t e r a . c t i n g  s p e c i e s  i n  m ixed  f u n c t i o n s )
N on-bonded  f u n c t i o n  s e l e c t e d  p o s i t i o n  o f  minimum, £
Me/H 3 . 2 0
M e/C l 3 . 7 5
M e/Br 3 .8 5
Me/I. 3 .9 6
Me/Hg 3 .5 0
Me/Sn 3 . 6 2
The v a r i o u s  m ixed  n o n -b o n d e d  f u n c t i o n s  have  b e e n  r e p r e s e n t e d  by 
c o m b in a t io n s  o f  c o n t r i b u t i o n s  made by  e a c h  g r o u p .  T h ese  c o n t r i b u t i o n s  
have  b e e n  d e r i v e d  by  e v a l u a t i n g  t h e  ( p u r e )  f u n c t i o n  f o r  e a c h  g ro u p  
w i t h  t h e  p o s i t i o n  o f  t h e  minimum a d j u s t e d  t o  t h a t  o f  t h e  m ix ed  
f u n c t i o n .  Thus i n  t h e  c a s e  o f  a  M e/Br f u n c t i o n ,  w i t h  i t s  minimum a t :  
3 . 8 3  £ ,  t h e  f o l l o w i n g  e x p r e s s i o n  h a s  b e e n  u s e d :
VrMe/3 r  d i s t a n c e  r  =- i ^ r yxe/Me d i s t a n c e  ( r  + 0 . 2 0 3  + 0 . 1 3 ) +
VrBiy g r  d i s t a n c e  ( r  + 1 .0 9 0  -  0 . 1 3 ) ]
F o r  n o n -b o n d e d  f u n c t i o n s  i n v o l v i n g  a  m e t a l ,  t h e  ( p u r e )  f u n c t i o n s  
have  b e e n  com bined  i n  a  d i f f e r e n t  m a n n e r .  F o r  i n s t a n c e  i n  t h e  c a s e  of. 
a  Me/Hg f u n c t i o n  w i t h  t h e  minimum a t  3 .5 0  £  t h e  f o l l o w i n g  e x p r e s s i o n  
has  b e e n  u s e d :
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VlMe/Hg a t  d i s t a n c e  r  = VrMe/Me a t  d i s t a n c e  + °* 2 0 5  + 0* 5 )  +
0*01 x  VTgg/gg d i s t a n c e  ( r  + 0 . 2 5 3  -  0 . 5 )
E q u a t io n s  r e p r e s e n t i n g  a l l  t h e  m ixed  n o n -b o n d e d  f u n c t i o n s  u s e d  
a r e  g iv e n  i n  T ab le  2 4 .3*
4• The c o r r e c t i o n  f o r  t h e  s h a p e  o f  t h e  Van d e r  W aals s h e l l  o f  t h e
m e th y l  g ro u p
I n  some c a s e s  (n a m e ly ,  f o r  m e th y l  g ro u p s  i n  t h e  (3 p o s i t i o n  i n  t h e  
a t t a c k e d  a l k y l  g ro u p ,  s e e  p age  143) t h e  Van d e r  W aals s h e l l  a b o u t  t h e  
m e th y l  g ro u p  h as  b e e n  c o n s i d e r e d  a s  a  h e m is p h e re  i n  t h e  d i r e c t i o n  
away from  th e  c o v a l e n t  bond  and  a s  a  h e m i - e l l i p s o i d  i n  t h e  d i r e c t i o n  
o f  t h e  c o v a l e n t  b o n d ,  w i t h  t h e  c a rb o n  atom  a s  t h e  o r i g i n ,  a s  shown i n  
f i g u r e  2 4 . 1 .
d i r e c t i o n  o f
Me
c o v a l e n t  bond
F i g u r e  2 4 . 1 .  The m e th y l  Van d e r  W aals  s h e l l *
The d i s t a n c e ,  1 ,  o f  a  p o i n t  on t h e  s u r f a c e  o f  t h e  h e m i - e l l i p s o i d  
from  th e  o r i g i n  i s  e x p r e s s i b l e  i n  te rm s  o f  t h e  l e n g t h s  a  and  b o f  t h e  
s e m i -m a jo r  and  s e m i -m in o r  a x e s  and  t h e  a n g l e  |i made w i t h  t h e  c o v a l e n t  
b o n d :
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(167)
y = l . s i n  ji
l .C O S  jjL - - + b 11 -
, 2  T T *1  s m  ji 
2a
i n2 . 2P p p ; l  s m  jj,
1  co s  ji = b J1 -   -------— -
a J
2 ., 2 2 , 2 / 2 _2  . 2 va  1  co s j i  = b ( a  -  1  s m  jj)
-,2 / 2 2 . 2 . 2 x 2 , 21 l a  co s  ji + b s m  ji) = a  b
ao
1 = ..  2 „ ^
y a  co s  ji + b s m  ji
Now a  and b a r e  c o n s t a n t s ,  and  s u b s t i t u t i n g  b =. n a
2 a  n
1 = .  2~"7~2'1co s ji + n s m  ji
an
i  = j . .  ~ 2
/c o s  ji + n s m  ji
1 r e p r e s e n t s  th e  Van d e r  W aals r a d i u s  f o r  th e  m e th y l g r o u p 'i n  
d i r e c t i o n s  m ak ing  an  a n g le  ji w i th  th e  c o v a l e n t  b o n d .
W ith  th e  s e l e c t e d  Van d e r  W aals r a d i u s  o f  2 2  f o r  th e  methjnL 
g ro u p  ( i . e .  a  =~ 2 2 )  th e  Me/Me n o n -b o n d ed  f u n c t i o n  e v a l u a t e s  to  z e ro  
f o r  a  m e th y l to  m e th y l s e p a r a t i o n  o f  3 . 33^ 2  (a n d  i n f i n i t y )  a s  shown 
i n  f i g u r e  6 ,2 ,  p ag e  135* U sin g  th e  same f u n c t i o n  and  a  m e th y l to  
m e th y l s e p a r a t i o n  o f  2 . 3 1 3  2 , t h e  d i s t a n c e  b e tw e e n  m e th y l g ro u p s  i n
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a  p ro p a n e  m o le c u le ,  a  Van d e r  W aals r a d i u s  o f
-J (2 .3 1 5  + (4 -  3 * 5 2 4 ))  =-.1.4-9 &
g iv e s  a  z e ro  i n t e r a c t i o n .  I n  p ro p a n e  t h i s  d i s t a n c e  o f  1.4-9 2  
r e p r e s e n t s  1 ,  and  th e  c o r r e s p o n d in g  a n g le ,  p , i s  35° 1 6 ! . S u b s t i t u t i o n  
o f  th e s e  v a lu e s  i n  e q u a t io n  2 4 .3  a l lo w s  th e  e v a l u a t i o n  o f  n ,  th e  r a t i o  
o f  th e  s e m i-m in o r  to  th e  s e m i-m a jo r  a x e s ,  and  th u s  f i x e s  th e  sh a p e  o f  
th e  m e th y l Van d e r  W aals s h e l l :
2n
1 .4 9  =  —------
0 .8 1 6 4 6 2 + n 2 x  0 .3 7 7 3 8 2 
n  = 0 .6 7 3 7 8 2
G iven  a  t h r e e  atom  sy s te m  a s  shown i n  f i g u r e  2 4 .2 ,  r ,  p an d  h en ce  
1 , can  be e v a l u a t e d .  The v a lu e  o f  I  =- ( a  -  l )  i s  th e n  ad d e d  to  th e  
c a l c u l a t e d  i n t e r n u c l e a r  d i s t a n c e ,  r ,  f o r  th e  p a r t i c u l a r  m e th y l g ro u p  
u n d e r  c o n s i d e r a t i o n ,  and  th e  i n t e r a c t i o n  i s  c a l c u l a t e d  u s in g  th e  
a p p r o p r i a t e  f u n c t i o n s .
1 and  h en ce  I  i s  e x p r e s s i b l e  i n  te rm s  o f  a ,  b ,  c ,  d , r ,  oo^ , 
d e f in e d  i n  s e c t i o n  2 1 :
I  =-- a  -  1.
s u b s t i t u t i n g  f o r  1 from  e q u a t io n  2 4 .4
an
I  = a ----- 2 2 . 2  co s p + n s m  p
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^ r 1 /
F ig u r e  2^ . 2 .  The m e th y l  g ro u p  i n  t h e  t h r e e  g r o u p  s y s t e m ,
-  P  P
Now a  = 2 n = 0.673732, an d  c o s  ji ~ 1 -  s i n  {J. T hus
2 x  0 .6 7 3 7 8 2
1 = 2 -
1 + s i n 2 |_u ( 0 *673782^ -  1 )
A p p ly in g  t h e  s i n e  r u l e  t o  f i g u r e  2*f.2
s m  co
. 2s m  ji
. 2  ■ , 2  2 a  + b + c
s i n  Ji
. 2  , 2  , 2  2 ns m  00^ .  ( a  +:. b + c ;
S u b s t i t u t i n g  f o r  s i n  j i ,
1 = 2 -
1 .3 ^ 7 5 6 ^ .r
r 2 -  0 . 3 -^60 1 7 8 1 . s i n 2 atj.C a2 + b 2 + c 2 )
T hus t h e  d i r e c t  M e/H g i n t e r a c t i o n  f o r  t h e  t h r e e  a tom  s y s t e m
Me^-C -H g  c a n  b e  w r i t t e n i  @ a  &
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VrMe/Hg a t  d i s t a n o e  r
I n  f o u r  atom  s y s te m s  no c o r r e c t i o n  ha.s b e e n  a p p l i e d  t o  th e  sh a p e  
o f  th e  Van d e r  W aals s h e l l  o f  th e  m e th y l g ro u p  f o r  r e a s o n s  g iv e n  on 
p ag e  1^ 7 .
5 - The e x p r e s s io n  f o r  th e  e n e rg y  o f  i n t e r a c t i o n  f o r  two a to m s bonded, 
th r o u g h  one o r  two i n t e r v e n i n g  a to m s 
The e n e rg y  o f  i n t e r a c t i o n ,  E , b e tw e e n  two a tom s b o n d ed  th ro u g h  
one o r  two atom s i s  d e f in e d  a s  -
E =  V r .c o s  ^
w here i n  th e  ( t r a n s i t i o n  s t a t e )  m odel oo i s  oo^  o r  d e p e n d in g  upon 
w h e th e r  i t  i s  a  t h r e e  o r  f o u r  atom  s y s te m .
The te rm , co s  i s  i n t r o d u c e d  to  m o d ify  th e  d i r e c t  i n t e r a c t i o n ,
Var, to  r e p r e s e n t  th e  e f f e c t  o f  i n t e r v e n i n g  a to m s : T h u s , i f  oo i s  p i
r a d i a n s  ( l 8 0 ° ) ,  E i s  z e r o ,  sh o w in g  t h a t  th e  i n t e r v e n i n g  a to m s c o m p le te ly  
p r e v e n t  i n t e r a c t i o n s  b e tw e e n  th e  two g ro u p s  u n d e r  c o n s i d e r a t i o n .  T h a t, 
t h i s  i s  th e  c a s e  f o r  oo^  and  oo^  c a n  be s e e n  fro m  f i g u r e  2*f.J a  a n d .b .
As oo d e c r e a s e s  to  z e r o ,  so  th e  e f f e c t  o f  th e  i n t e r v e n i n g  a to m s i s  
l e s s e n e d  u n t i l  a t  oo =- 0 , co s  ^  =  1 , t h e r e  can  be no m o d ify in g  e f f e c t ;
t h i s  can  be s e e n  from  f i g u r e  2^f.Aa~ and- b .
V^Me/Me a t  d i s t a n c e  ( r  + 0 ,2 0 5  + L + 0 . 5 )  +
0*01 x  V r ^ y g ^  a t  d i s t a n c e  ( r  + 0 .2 5 5  + I  -  0 .5 )«
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-V
2 ^ 186° 2 .y  -)wJ=i-8o-
( a ) (b )
F ig u r e  2k,J>, The e q u iv a le n c e  b e tw e e n  th e  a n g le s  co^  an d  o>^ a t  
0 and  180  f o r  t h r e e  atom  s y s te m s .
A
r
v
o;0
( a )  (b )
F ig u r e  2 k ,k ,  The e q u iv a le n c e  b e tw e e n  th e  a n g le s  an d  co^  a t  
0 and  180  f o r  f o u r  atom  s y s te m s .
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C O M P U T E R  P R O G R A M S
AND EXAMPLES OF INPUT AND OUTPUT
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